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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 3276

PROPERTIES OF

By Henry C. Barnett

AIR- IUELS1

and Robert R. Hibbard

Since publication of the NACA RM’s E53A21 and E53116, interest in
fuel properties at high temperature has increased. This interest is
prompted by problems srising from the possible use of fuel as a heat sink
in supersonic aircraft now being designed. For this reason, the two pre-
vious publications have been cotiined, and wherever possible the data
have been e&ended to cover properties of fuels up to temperatures as
high as 400° F. Recently available data on properties not included in
the original compilations have been introduced in the present report,
and some of the existing data on fuel characteristicshave been revised
to improve accuracy and utility.

INTRODUCTION

During recent years, specificationsfor jet-engine fuels have under-
gone considerable chamge as a result of the continuous growth in under-
standing of what may be required of a fuel with regsrd to availability,
performance, and handling. Although necessary, the constant changing of
specificationshas to some extent imposed a handicap on those portions
of the aeronautical industry that must rely on fixed fuel properties for
design purposes. This is particularly true of the aircrsft manufacturer
whose job it is to cotiine airframe, engine, and fuel into a satisfactory
flight vehicle.

The most serious problem involving fuel that confronts the aticraft
manufacturer is the problem of fuel-system design; and, because of the
obvious importance of the fkl system to ultimate reliabili~ of the
aircraft, it is essential that existing knowledge of fuel characteristics
be made available to the designer. Past experience of the fuel-system
designer has been built upon knowledge of the characteristicsand per-
formance of aviatibn gasoline as applied to aircraft powered by the con-
ventional piston engine. Although the “feel” or “know how” gained from
this experience is invaluable, the widely different characteristicsof

%his report supersedes NACARM’s =3A21and E53116 by the same authors.

-——— —- —.—- ..—------ —--



2 NACA TN 3276

jet-engine fuels compared with aviation gasoline somewhat liqit the ap- i
placability of existing fuel-system-design data to current and proposed
jet sircrsft.

Considerable information has been acquired on the characteristics of
jet-engine fuels; however, the data are scattered throughout the technical
literature smd are not readily obtainable. This report has been,written
in order to provide a single source of data on jet-engine fuel properties
for use in fuel-system design. Much of this information is incomplete
and must necesssrilybe extended as results of resesrch now in progress ~
become available. @

In addition to information on fuel properties, this report includes
discussions of fuel specifications,the variations among fuels supplied
under a given specification,fuel composition, and the pertinence of
fuel composition sad physical properties to fuel-system design. In
some instances, the influence of external variables such as pressure and
temperature on physical properties is indicated. Two appendixes me
included. Appendix A briefly reviews the various laboratory test pro-
cedures that sre required by military specifications and indicates the
significance of each to aircraft performance. In appendix B are some of
the data that were used to estimate the accuracy of a few of the relations
that are presented in the body of the report.

The data presented me restricted to current jet-engine fuels and
several.fuels of possible interest in the future. For fuels other than
these, it is suggested that references 1 and 2 be consulted for informa-
tion on properties and performance characteristics. Throughout the text,
numerous references are cited in order to provide the reader with sources
of information containing mre detail than is practical in the present
report.

Special acknowledgement is due Major L. G. Burns and C!aptainJ. W.
Hitchcock, Wright Air Development Center, Dayton, Ohio, for assistance in
the collection of reference material.

FUEL CmF’osrm.ol?

Jet-engine fuels are substantially KXI-percent-hydrocarbonmixtures,
and any given fuel may contain several thousand individual hydrocarbon
compounds. For example, aviation gasoline within its narrow boillng range
may contain as many as 300 individual hydrocarbons,’whereas JP-4 fuel with
its wide boiling range may contain as many as 5,000 to 10,000 hydrocarbons.
The distribution of hydrocarbons found in petroleum-derived fuels varies .

from one crude-oil source to smther; however; the refiner can, by con-
trcl of refining methods, meet the physical and thermal property require-
ments of aircrsft use. Only very smaU quantities, rarely exceeding 1

.

—. — . . . ——
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percent, of nonhydrocarbon compounds ue likely to be present in aircraft
fuels. The hydrocarbons found in jet-engine fuels may be divided into
four classes: psxaffins, cycloparaffins, aromatics, and.olefins.

Paraffins and ~clopsmffins

Psmffins have a chai.n-ltiestructure of carbon atoms, and cyclo-
paraffins contain rings of carbon atoms with the rings usually composed
of
as

five or six csrbon atoms. Examples of these compounds are illustrated
follows:

H-&-H

$

Straight-chainps.raffin Branched-chain paraffin
(~-pentane) (2,2,4-trimethylpentaneor isooctane) .

Cyclopsraffin Cycloparaffin
(cyclopentane) (ethylcyclohexane)

Paraffins and cyckparaffins are very similsr in nmst of their
and together make up 75 to 90 percent of most aircraft fuels.
stable in storue, clean-bur~, and do not att=k anY noml

properties
They are
construc-

tion material. ‘T& paraffins =e the least dense of the hydrocarbons and
have the highest heats of combustion per unit weight and the lowest per
unit volume● Cycloparaffins are more dense than paraffins but their den-
sities do not approach those of aromatics discussed in the following
section.

.——. –- —. —.-— -—-—— -— ...- ..—.—__ - — . ..
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Aromatics

Aromatics are those hydrocarbons that contain the characteristic six- ‘
member benzene ring. The three classes of aromatics are: single-ring
sromatics, multtiin.gmomatics with no two rings sharing a single carbon
atom, and multiring sromatics with two rings sharing two comcm carbon
atoms. All members of the latter two classes have boiling points above
400° F, as do some metiers of the first class. Examples of the three
classes of sxomatics are

~

H\[\ H

‘h

H?\

as follows:

H

Single-ring aromatic MUltiring aromatic—
(be~ene)

with

with no coumon carbon atom
(biphenyl)

HIi

Multir@ aromatic
two commn carbon atoms

(naphthalene)

The concentration of aromatics of all classes is limited to a maxi-
mum of 25 volume percent by present jet-fuel specifications,but currently
available fuels usually contaim about 10 to 15 percent total aromatics and “
O.5 to 3.0 percent of the multti~ type; most of the latter are believed
to be of the type in which two carbon atoms are shared by two rings.
Aromatics are stable in storage, smoky in -burning,have high solvency

—.—— — -— .._— —
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.-

.

powers, and tend to swell many elastomers. As a class, the aromatics
have the highest densities of the hydrocarbon compounds and have the low-
est heats of cotiustion per unit weight and the highest per unit volume.

Olefins

An olefin is a hydrocarbon that haB a characteristic carbon-to-
carbon double bond, this bond being nmre reactive chemically than those
in sromatic hydrocarbons. The carbon atoms in the molecule maybe ar-
rsmged in a chain (aliphatic olefin), in a ring (cycloolefin), or on a
chain attachedto an aromatic ring (s.romaticolef~). Some olefins may
have two or nmre carbon-to-carbon double bonds, in which case they are
called pol.yolefins(usually diolefins). 12xaqles of olefin structures
sre as follows:

H

H—C—HHH

m
H

1717

H

1

H
~C—C—C—H Ec—c—

C~—C—H 7
H HH H H

H H

Monoolefin
(butene-1)

4[\ H
(+H

I
‘i?\ /T

H?‘H

Cycloolefin
(cyclohexene)

Moncqlefin
(isobutene)

Diolefin
(1,3-butadiene)

H

Olefins are limited in jet
bromine nunber. For jet-engine
percent by volume.

c c\
H’

//

H

f
H

Aromatic Olefti
(styrene)

fuels by the specificationof a maximum
fuels, the -mum olefin content is 5.0

-— —.. -.— — -——.— -. -.-— —.



6 NACA TN 3276

Some types of aromatic olefins and diolefins are very reactive and, n

in the presence of catalysts, will polymerize to form high-mlecular-
weight gum. For example, the me?ikrs of these classes shown (styrene
and 1,3-butadiene) are polymerized industrially to form GR-S synthetic

,

rubber. Atmospheric omen or traces of some metals can act as catalysts.
These highly reactive hydrocarbons are present in very low concentrations
(below O.2 percent) and are indirectly Wnited in msrketed fuels by the
accelerated gum test included in aircraft fuel specifications. Olefins
are nesrl.yas clean burning as paraffins and are intermediate between
paraffh and cyclopartiins in such properties as density and heating
values on both weight and volume bases.

Nonhydrocsrlxms

Nonhydmcsrbon compounds that may be present in aviation fuels con-
tain stiur, oxygen, or nitrogen. Sulfur compounds are found in greater
concentration than oxygen or nitrogen compounds. The present specifica-
tions for jet-engine fuels limit the total sdfur content to a maximum of
O.4 percent by weight. Sulfur may be present as thiophenols, mercaptans,
stiides, disulfides, thiophenes, thiophanes, and possibly as free
sulfur.

‘l!hiophenolsand mercaptans are slightly acidic and are usually
removed by caustic washing or variations thereof in refinery processing.
‘l!hiophenolis an unlikely component in adequately processed fuels, and
mercaptan sulfur is limited b the present specificationsto a maximum
of 0.005 percent by weight. Mwcqytans are undesirable components of
aviation fuels because of their extremely disagreeable odor and corrosive
tendencies toward cadmium. Other stiur compounds mentioned ti the fore-
going discussion are believed to be innocuous in the concentrations
encountered.

O~gen may be present in very small quntities as phenols or
naphthenic acids. The latter compounds may have some objectionable cor-
rosive properties. Caustic washing will completely remove these com-
pounds in normal refinery practice. No limit on the presence of such
compounds is included in the current aircraft fuel -specifications.

Nitrogen compounds are present in aircraft fuels ih trace quantities
only; however, there is evidence that these compounds contribute to gum
formation.

Fuel gum consists of high-molecular-weight,nonvolatile organic
compounds containing hydrogen, csrbon, and oxygen and POssibl.ysulfur
and nitrogen. Gum is found in marketed fuels up to the aumunt permitted
by specifications, usually 7 milligrams per 100 milliliters or about
0.01 percent by weight. Additional gum may form during storage because
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of the presence of reactive material.. Gum compounds may be soluble or
tisoltile and, in the latter case, may cause filter clogging and controls
sticking. Within limits of current specifications,there is no indica-
tion that gum will sffect the combustion process.

AIRCRAFI!KIEL SPECIFICATIONS

The requirements for various aircraft fuels under current specifica-
tions are presented in table 1. The first four columns of this table
list the permissible limits on physical properties for gasolines now used
by the military services. The remaining columns present requirements for
four turbojet fuels. A discussion of aircrti fuel specifications and
their significance is presented in appendix A.

Aviation Gasolines

The limits of the properties for the first three gasolines of table
I are all.the same with the exception of antiknock value (fuel grade).
The fourth and highest performance fuel (grade 1151145) differs in
heat of conibustionand aniline-gravityproduct. The limits for each
property are based upon years of experience and research on performance
of fuels in piston engines. For emmple, controls are maintained on fuel
suHur and gum content in order to promote engine reliabiliw as to clean-
liness and long life; heat of cotiustion is limited in order to ensure
optimum fuel economy and long range; freezing point is limited to promote
reliabilityy of fuel-system performance h cold-weather op-ations; vola-
tility, as exemplified by the A.S.T.M. distillation curve and Reid vapor
pressure, is limited to promote satisfactory starting, absence of vapor
10Ck, and minimum weathering. Aid.the numerical limits on these proper-
ties-represent
needs.

comproriisesbetween over-all performsmce and availability

Jet-Engine Fuels

‘I’heintroduction of the turbojet engine to the field of aircraft
propulsion brought about an entirely new set of fuel requirements. The
first turbojets utilized MEL-F-5616 (JP-1) fuel; however, it was quickly
recognized that large fleets of jet aircraft Operatm under all-out
emergency conditions would consume considerably ure JT-1 fuel than would
be available from crude petroleum with existing refinery equipment. As
a result, during the next several years intense effort was devoted to the
development of a turbojet fuel specification satisfactory from performsnce
as well as availability considerations. The process of developing such a
specification is gradual and must necessarily parallel engine development
and changes in fuel performnce requirements.
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The stepwise development of the current MIL-F-5624C jet-fuel s_peci- .

fication provides an example of the influence of fuel and engine research
on specification req@ements. Table II shows that the original proposal
for J7?-3fuel was made in January, 1947. The requirements for t4is fuel
were lsrgely dictated by the desire to establish a military fuel of max-
imum availability; however, a few of the limits on certain properties
were based upon research data and operational experience that had been
obtained at that time.

In Decetier, 1947, the first specificationAN-F-58 was established
for ZP-3 fuel. Some of the restrictions on the physical properties of
this fuel differed from those of the original proposal. These chamges
resulted because some of the requirements had been shown by systematic
performance research to be unnecessarily restrictive and others were too
liberal. For example, a l~tation on bromine nmiber, a measure of un-
saturated hydrocarbon content of a fuel, was included because it was
suspected that unsaturated hydrocarbons promded carbon deposition in
engines and greatly increased gumming tendencies. At the same time the
requirements on gum content were liberalized. Other changes as discussed
previously were based upon availability and performance considerations.

The second revision of the JP-3 specificationwas made in Msrch,
1949, and the designation was changed to AN-F-58a and later to MIL-F-5624.
At that time the permissible aromatic content was lowered to 25 percent
by volume, and the bromine nmiber was increased to 30. These changes
were made because it had been found that aromatic content was more sig-
nificant than brombe nwikr as a factor in carbon-forming tendency. The :
Wrch, 1949, revision added limits to specific ~avity (O.728 to O.802),
because of the importance of this factor to aircraft design.

The Zl?-3specificationremained unaltered until May, 1951, at which
time the mercaptan sulfur content was limited to a madmum of 0.005 per-
cent by weight. This revision resulted from corrosion tifficulties,
possible rtiber swell problems, and objectionable odors that were being
encountered during engine tests.

Throughout the growth of the JP-3 specifications, considerable oppo-
sition to the high volatility of the fuel was voiced because of the
excessive entrainment (slugging)losses that occurred during rapid clirib.
In spite of these losses, there was considerable reluctance to decrease
volatility, because of expected difficulties h engine starting, cold-
weather performance, and increased tads explosion hazard. The arguments
against lower volatility were mitigated by the results of engine perform-
smce studies that indicated satisfactory operation on a fuel similar in
some Charact=istics to R-3 fuel but having a Reid vapor pressure of

.

2.0 to 3.0 pounds per square tich. !T!hisrange of vapor pressure repre-
sented a co~romise between the desired engine performance and fuel
availability. Because of this drastic @hange in volatility, the new fuel
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became known as Jl?-4under the specification issued in May, 2.951,(table
II). The chamge in Reid vapor pressure was accompanied by the elimination
of the 90-percent distillation requirement and the addition of a maximum
limit of 250° F on the 10-percent distillation point. The limitation of
the 10-percent point, in effect, pl&ces a more precise restriction on the
minimum volatility of the fuel,.since the accuracy of the Reid-vapor-
pressure determination is questionable at pressures as low as 2 pounds
per square inch. The clumge in volatility also required new specific-
~avity limits.

In Decen@r, 1953, the JP-4 specificationwas altered to eliminate
the 10-percent amd end-point reqtiements and to add limiting values on
the 20-, 50-, and 90-percent points on the distillation curve. The revi-
sion was made to prevent the use of exceptionally heavy petroleum stocks
that could meet the 10-percent requirement by the addition of a small
quanti~ of a very volatile component such as butane. Although such
blends could meet the over-all specification,the volatile component is
easily lost by weathering in storage and in flight; and the remaining
heavy portion would not be suitable for aircraft use.

At the time A.S.T.M. distillation reqtiements were revised, in
Decemberj 1953, the API gravity range was narrowed to 10°. This change
was made to ease the burden of the airframe and engine designers in
development of fuel systems and fuel controls. The 10° API spread was
considered the minimum that could be tolerated without a severe loss in
fuel availabili~. In addition to the foregoing changes, the maximum
limits on existent and potential gum were lowered and a smoke-volatility
index was added to ensure clean-burning fuels.

The MIL-F-5624C specificationwas introduced in May, 1955, and in-
corporates changes in volatility and specific gravi~. These changes were
dictated more by the desire for universaJ availability thanby technical
considerations. That is, emergency use would involve operation of air-
craft on fuels available throughout the world; therefore, broadening of
the specificationwas needed to permit engine.development for the ~mum
variations in fuels that might occur.

The current MIL-F-5624C (JT-4) fuel is accepted as the primary mil-
itary fuel for turbojet aircratt; however, an additional fuel, MIL-F-
5624C (Ll?-5),has been established to control the properties of a special
blending component for use in naval aircraft operations. This component
reseniblesa high-flash-point kerosene and in application is blended 2 or
3 p=ts by volume with lpart by volume MEL-F-5572 (115/145 grade) avia-
tion gasoline. The properties of fuel blends of this type are presented
in table III together with properties of the individual blend components.
A comparison of data for the special blends with table I indicates that
with the exception of freezing point and 50-percent-distillationpoint
the properties of the two components cotiine to meet the W-4
specifications.

.——.—. —..- . .— .
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Fuel Oils ~,

mere are, of course, no aticrsft specificationsfor fuel oils; how- .
ever, these materials have from time to time excited interest as possible
commercial.jet-aircraftfuels. Fuel oils are currently msrketed for
household and industrial uses under the specifications shown in table IV.
These specificationswould undoubtedly be modified if fuel oils were
applded to sbcrsft powerplants. There is no means of predicting these
alterations; consequently,Yor the purposes of subsequent discussion,
the variation of fuel properties under a given specificationwill be con- g
sidered in comparison with the etisting specificationsunder which fuel w
oils sre marketed.

The fuel oils are derived from titillate and residual fractions of
petroleum and are commonly identified by numbers (table IV) corresponding
to the various specificationrequirements. ,Themore conventional uses
of the distillate fuels (nunibers1 and 2) are for home heating, Diesel
-s) ~ i~ustrw heat= where it is iqractical to heat the fuel
to improve flow characteristics. Residual fuels (nmibers 4, 5, and 6)
are residues from petroleum stills that are blended with less viscous
materials. These fuels are used where it is feasible to heat the fuel.

TYPICAL INSPECTTON DATA FOR TEl?-ENGINEFOlIE3AND FUEL OILS

Jet-Engine Fuels

The specificationsdiscussed in the foregoing section have been
developed to ensure satisfactoryhandling properties and performance and
adequate availability,but the nature of petroleum is such that marketed
fuels may vary considerably in physical properties and stiK1.meet the
specificationrequirements. This fact complicates fuel-system design
inasmuch as an acceptable system is expected to function reliably even
with fuels representing the extremes in physical properties that might
be procured under a given specification. In order to illustrate varia-
tions to be expected in the properties of fuels of the same grade, rep-
resentative inspection data have been compiled in tables V to VII.

The data shown in tables V to VII indicate that wide variations can
and do occur in fuels meeting the various specifications. With respect
to fuel-system design, however, it is inqortant to know what the maximum
ranges of variation way be for the tiferent fuel properties. For this
reason, a nunber of fuel-inspection sheets, in addition to those shown
in tables V to VII, have been examined to establish these ranges. These
data are summarized in table VIII. Ihta for Jl?-5fuel were supp~ed by
the Bureau of Aeronautics, lkpartment of the Navy. Data for JP-4 and
JP-3 fuels are from references 3 and 4, respectively.
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In addition to the properties shown in table VIII, there are other
properties that are useful in evaluation of thermal characteristics dis-
ZUssed later in this report.
for the average jet fuels in
1. The resuits are shown in

These additional properties are estimated
table VIII by methods described in reference
table IX.

,

Fuel Oils

Data on physical propetiies of samples of fuel oils are compared,
and the variations to be expected under existing specifications (table
IV) are shown h table X. Data for fuel oils 1, 2, ad 4 were compiled
from surveys of the U. S. Bureau of Mines (refs. 5 to 7). Data on fuel
oils 5 and 6 me quite scarce; therefore, it has been necessary to com-
pare the properties of single samples of these two
for the three lower grades. Additional properties
of the lighter grades are also shown in table IX.

PHYSICAL PROPER13XS OF FUEIS

fuels with averages
for average fuel oils

In connection with the discussion of table VIII, it is shown that,
for the purposes of fuel-system design, it is important to know the var-
iation of physical.properties among fuels supplied under a given speci-
fication. It is equally i~ortant to know how a given physical property
will vary with environmental changes; that is, how properties such as
density or volatility may vary with temperature. In the succeeding para-
graphs, the effects of these environmental changes are discussed for
physical properties of particular interest in fuel-system design.

Density

Fuel density is of interest in airframe design since it controls
weight loadings with completely full.tanks; and, when combtied with the
heat of combustion, it is used in flight-range calculations. Density is
also a factor in the calibration of tank gages and fuel-metering devices.

Density is commonly expressed in terms of true density (mass per
unit volume), specific ~avity relative to water at 60° F, or API (American
Petroleum Institute) gravity. These terms are interrelated by the follow-
ing equations at 60° F:

Density (lb/cu ft) = 62.43 x specific ~avity (1)

Density (lb/gal) = 8.347 x specific gravity (2)

‘API =
141.5

Specific gravity (6@/ 60° F)
- 131.5

These equations are presented graphically in figure 1.

(3)

—..— . ..— —- ——. —-—-..— ~—. — . ..— — - ,,. - ------ ————— ------ .-.
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Density is not specified for reciprocating-enginefuels and, in .
practice, covers a fairly narrow range for a single grade of fuel. A
much wid& range is found under
limits on API Wavity have been
in terms of specific ~avity at
table I. A range of 10° to 12°
J7?-4,and JP-5 specifications.

a single jet-fuel specification,and
established for jet fuels. These limits
60° F and in API ~avi.ty me given in
API is permitted in the current JP-3,

Fuel density decreases with increasing temperature. Several methods ..
axe
ing

available in-the literature for estimating this change. me–f ollow- g
equation gives the most easily used method: u

[pt=p601+c~ (60 - t~ (4)

where

c= mean coefficient of thermal expansion

t temperature, ‘F

Pt specific gravity at temperature t

’60
specific gravity at 60° 1?

Values of C= for use with equation (4) are given in figure 2 for vary-
ing 60° F gravities.

However, over wide ranges of temperature md pressure, more precise
estimates of gratity require more co~lex procedures. A plot of specific
gravity up to the critical temperature and up to pressures of 600 pounds
per square inch is given in reference 8 for fuels of varying 60° F gravi-
ties. Expansion ratio (i.e., specific gravity at 60° F/specific gravity
at t) is correlated with a modulus containing 60° F gravity and viscosity
in references 9 and 10. The latter reference states that the use of this
modulus permits the.accurate prediction of specific gratity for a variety
of fuels almost to their critical temperatures. Specific gravity at vsry-
ing temperatures and pressures is correlated with the pseudocritical
properties of the fuels (ref. 11). The mlal avers.geboiling points and
the characterizationfactors of fuels have been used to estimate expsmion
ratios (ref. 1). Both the critical constants required in reference U. and
the boiling points and factors required in reference 1 can be easily esti-
mated from A.S.T.M. distillation and API gravity data. Several of these
methods are compared against one set of experhental data (ref. 12) in
appendix B-1. Equation (4) is recommended for temperatures up to 400° F. c1

The effect of chmging temperate on the specific gravities of fuels
is shown in figure 3. Curves sre presented for jet-engine fuels and fuel
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oils having minimum, average, and maximum specific gravities. These
curves were calculated from equation (4) and figure 2 using spectiic
gravities at 60° F from tables VIII and X. Maximum and minimum limits
from specifications are shown. In the case of JP-1 fuel (fig. 3(a)),
there is no minimm specific gravity (table I); however, the flash-point
requirement, 1.100 F, indirectly controls the minimum gravity. Examina-
tion of figure 3 shows that the specific gravity of individual samples
of fuels may vary widely from average values. The difference is greatest
at the highest temperature and may be as much as ~ percent for jet fuels

and + percent for fuel oils.

In figure 3(b) the maximum and minimum curves for the actual fuel
samples lie outside the limits of the specification. Most of these
ssmples were procured under the MIZ-F-562Q specification (table II) and
do not meet the more restrictive gravity range now required by the cur-
rent MIL-F-5624C specification. Regsmiless of this fact, the average
curves shown in these figures would be expected to be about the same for
both specifications.

The spectiic-gravity - temperature relations for the average quality
fuels are shown in figure 3(h). Typical ssmples of aviation gasoline and
fuel oils numbers 5 and 6 sre included for comparison. Considering gaso-
line to be the reference fuel, the ratios at 60° F of the specific ~avi-
ties of the other fuels (fig. 3(h)) to gasoline are given in the follow-
ing table:

Fuel Specific-gravity
ratio at 60° F

Aviation gasoline (115/145 grade) 1.00
m-l 1.17
Jl?-3 1.10
JP-4 1.11
m-5 1.20
Nuuiber1 fuel oil 1.18
Number 2 fuel oil 1.22
N@er 4 fuel oil 1.32
Nun&r 5 fuel oil 1.35
Number 6 fuel oil 1.38

Volatili_@

A.S.T.M. distillation and Reid vapor pressure. - Fuel-system de-
signers sre particularly interested in variations of volatility among
fuels because of the &luence of this property on vapor and e&ra~ent
losses, vapor lock, and flammability hazards. Fuel volatility is regu-
lated in current aircrsft fuel specificationsby limitations of the

,

. ——-—— .-—e ~. —.- . . . - .
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A.S.T.M. distillation (D96-52) cmve and the Reid vapor pressure. Figure
4 illustrates the variation that may be expected in distillation curves
for set fuels and fuel oils. Because the particular group of JP-1 fuels
used in figure 4(a) does not produce a maximum envelope curve as high as
the permissible spectiication limits, it is obvious that certain JP-1
fuels having higher distillation temperatures could be procured under the
MIL-F-5616 specification.

The volatility of other jet fuels is illustrated in figures 4(b) to
(d). As indicated previously in connection with density, the XP-3 fuel
samples (fig. 4(b)) were procured under the MIL-F-5624A specification and
the maximum envelope lies outside the 13mits of the current specification.
The average curve, however, is probably about the same by both specifica-
tions. This obsemtion is also applicable to JP-5 data in figure 4(d).

Figures 4(e) to (g) show A.S .T.M. distillation curves for the fuel
oils. Corupsrisonof these three grades of fuel oil indicates that the
spread between minimum and maximum temperatures tends to increase as the
fuel oil becomes heavier.

Figure 4(h) compares all the average distillation data with curves
for single samples of 115/145 grade aviation gasoline and a nuder 5 fuel
oil. The curve for the number 5 fuel oil is incomplete because cracking
occurred at 1025° F.

It has generally been accepted that the temperature at the 10-
percent-evaporated point is indicative of the fuel volatility; that is,
the lower this temperature, the ~eater the volatility. This relation
has generally held true for gasolines but may be erroneous in the case of
fuels such as Jl?-3because of the manner in which the volatility is
achieved. For exaqle, the JT-3 specification requires the Reid vapor
pressure to be between 5 and 7 pounds per square inch, and this require-
ment can be met by adding a small percentage of a high-vapor-pressure
component to a relatively low-vapor-pressure stock. In such a case, the
final blend would have the desired Reid vapor pressure, but the addition
of this small percentage of the high-vapor-pressure co~onent would have
smalIleffect on the 10-percent distillation temperature. Some fuels
meeting the ZP-4 specificationhave been prepared by blending or pres-
surizing very low-vapor-pressure components with relatively small sm.ounts
of highly volatile materials. These fuels can be expected to show rapid
losses in Reid vapor pressure during storage.

Laboratory aging tests conducted by the Sun Oil Conpany on JP-3 fuels
indicated a loss of about 15 percent in volume for a fuel pressurized with
pentanes and a loss of about 3 percent in volume for a fuel pressurized
with butanes. These losses corresponded to a decrease of Reid vapor pres-
sure from 6.5 to 5 pounds per square inch. These tests were made in un-
stoppered bottles at atmospheric pressure with samples alternately heated
and cooled between 70° and 120° F during a 24-hour cycle.

.

—.— –- .—— — -—.———.—-
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An empirical equation relathg Reid vayor pressure, specific ~avi~,
20-percent A.S.T.M. distillation point, and slope of the distillation
curve at the 10-percent point has been developed:

PR=S u a

‘60t20 )
+b+c

where

a,%,c constants

(5)

PR Reid vapor pressure, lb/sq in.

s slope of A.S.T.M. distillation curve at 10-percent-evaporated
point, (tE-t5)/lo

‘20~t35~t5 20-, is-, and 5-percent A.S.T.M. distillation temperature, ‘1?

’60
specific gravity at 60° F

The constants in equation (5) vary wtth the class of fuel as follows:

I Fuel I a I b I c I

lkom equation (5) and these constants, the Reid vapor presswes were
calculated from distillation data and spectiic gravities for 21 aviation
gasolines, 36 JP-3 fuels, and 20 JP-4 fuels. Average deviations of ob-
served Reid vapor pressures from calculated values were @.5, _M.5, and
@.33 poundpm square inch for the aviation gasolines, JP-3 fuels, and
~-4 fuels, respectively. Eata for aviation gasolines and 23 of the JT-3
fuels used in the development of the equation were taken from references
4 and 13.

The
from tie

where

NIJN2

‘R,b

Reid vapor pressures of two-component blends canbe estimated
following linesr equation:

‘R,b = ‘R,lN1 + ‘R,2N2

volume fractions of components 1 and 2

Reid vapor pressure of blend, lb/sq in.

(6)

.-—— _ ——. — .-— .. —
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‘R,1>‘R,2 Reid vapor pressures of components 1 and 2, lb/sq in.
.

This equation appears sufficientlyprecise for most applications as shown
in appendix B-2. Presumably the Reid vapor pressmes of blends containing
more than two components can be estimated by simply expanding equation
(6); however, substantiating data are not available.

Reid vapor pressures are not precise measures of true vapor pres-
wres. Reid vapor pressures are measured by the A.S .T.M. D323-52 method
in which a vapor-liquid volume ratio Vjl of 4 is spec~ied. This ratio .g
represents a departure from the true vapor-pressure measurement in that w
true vapor pressure is by definition the pressure at a vapor-liquid volume
ratio of O.

True vapor pressure. - True vapor pressures at 100° F are slightly
higher than Reid vapor pressures and may be calculated from the latter by
using the following equation (ref. 2):

0.0119 P#

‘o,100
-PR= 0.0223 PR + ~ - 0.0368 pR

(7)

where

‘R
Reid vapor pressure (v/Z = 4), lb/sq in.

Po,loo true vapor pressure at 100° F (v/Z = O), lb/sq in.

s slope of A.S.T.M. distillation curve at 10-percent-evaporated
point, (t15 - t5)/10

It is often necessary to estimate true vapor pressures over a range
of temperatures. Classically the vapor-pressure - temperature relation
is expressed by

log P= A- B/T (8)

where

A,B constants

P absolute pressure

T absolute temperature y

!l%isequation works well.over only a limited tempwature range, since
B, which is directly proportional to the latent heat of vaporization, is
not a true constant. However, the linear relation between log pressure

—— ..— .- — .
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,

and reciprocal temperature has been developed into a practical method for
estimating vapor pressures of petroleum-derived fuels by introducing the
concept of pressure function (ref. 2). Pressure function is a mxiified
log pressure term and is related to pressure by the following equation:

log P = 1.167199 +5.2553 log(l - 0.00687917 A) (9)

where

A pressure function, kilofeet

P absolute pressure, lb/sq in.

This equation is also the standard pressure-altitude relation up to 35
kilofeet. Pressures canbe converted into pressure functions by equation
(9), by using table XXVIII of reference 2, or figure 5 of this report.

Tbrough this pressure function, vapor pressures can be expressed as
linear functions of tempemture in %? by either of the following equations:

A’o,t “ %,100 + b(loo - t) (lo)

+#o> 100
pressure functions at t and 100° F, respectively, for
v/2 ratio of O (the subscripts indicate VIZ rr,tioand
temperature, respectively)

b temp=ature coefficient, a constant characteristic of each
fuel

t temperature, ‘F .

and

‘O,t
=b(t - t)

n (m

where

tn normal boiling point of fuel (i.e., at 1 atm), ‘F

Fquations (10) and (lJ.)are used rather than equation (8) because the
log-pressure - temperature relation is normalized to pressure and temper-
ature conditions nearer those of interest (i.e., pressures encountered
in flight and temperatures around the boiling points). 5is permits
linear relations to hold nmre closely than would be possible using equa-
tion (8).

----- —.— . ... ..-
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The determination of the vapor-pressure - temperature relation of a d

fuel, then, requires the determination of the constant plus a knowledge
of either the true vapor pressure at 100° F (for use with eq. (10)) or
the normal boiling point (for use with eq. (11)). The constant b can -
be evaluated in several ways, depending on what fuel inspection data sre
available.

If the Reid vapor pressure and the 10-percent slope are known, b
can be estimated from

b 262

= 0“056 + AO,1OO + 560-
0.04@-

b

(12)

The first step in determination of the true-vapor-pressure -
temperature curve is the calculation of ‘0,100 from equation (7). The

value of ~,loo may then be obtained from figure 5. Next, b is cal-

culated as indicated in equation (12). A sample calcuhtion of b is
described in reference 2. Equation (10) may then be used to determine
values of ~ t at different temperatures. The values of PO,t corre-

sponding to t~e computed values of ~,t may be read from figure 5.

Although equations (10) and (12) were derived from data on gasolines,
their use for JP-4 fuels appears justified by limited NACA data given in
appendix B-3. Therefore, this method was used to calculate true-vapor-
pressure curves for fuels having slopes up to 12 amd varying in Reid
vapor pressure between 2 and 7 pounds per square inch. These curves are
presented in figure 6. In the absence of A.S.T.M. distillation data,
average 10-percent slopes may be assumed to be 2 for gasolines and 4 for
JP-3 and JT-4 fuels.

The curves shown in figure 6 do not describe the volatility of fuels
having Reid vapor pressures less than 2 pounds per square inch. Further-
mwe, the methods of calculation described by equations (10) and (12)
should be avoided for low-vapor-pressurefuels. In order to estimate the
true vapor-pressure charact=ist~cs
reference 14 should be used.

For
data, b

these higher-boiling fuels
can be estimated from

b = 0.142 +

where

Tn normal boiling point, ‘R

of such fuels, the

and in the absence

212
~- 0.04@

method reported in

of flash-point

(13)

-. —.. —-— .-



NACA TN 3276 19

m

ii

The normal boiling point in ‘R Tn is estimated by adding 5° plus 460°
to the 10-percent distillation temperature; however, the latter should
be corrected to true temperature by using an emergent-stem correction on
the thermometer (ref. 14). For JP-1 and JP-5 fuels, Tn is approximately
the A.S.T.M. 10-percent-evaporatedtemperature plus 470°.

H only flash-point data are available, b can be estimated by

(14a)

where

‘f flash point, ‘F

tn normal boiling point, ‘F

When both distillation and flash-point data are available, b can
be most accurately determined by using both equations (13) and (14a).
The first step in this procedure is the calculation of b from equation
(13). This value is then used to estimate the normal boilinR Point by
substituting into the following

tn

The resuiting value for t. is

rearranged form of equation ~l-k): -

86.5 + tf
‘b

(14b)

then stistituted into eauation (13). with
care to add 460° to conveti–to ‘R. These operations are repeated u&il
a normal boiling point and a value of b are obtained that satisfy both
equations. These values can then be used with equation (11) to calculate
the pressure function of the fuel at any desired temperature. This pres-
sure function can then be converted to pressure in pounds per square inch
by methods previously given.

Vapor pressure curves for J?-1 and JT-5 fuel and the fuel oils cal-
culated from equations (11), (13), and (14) are shown in figure 7. In fig-
ure 7(f) the average curves for these fuels are compared with vapor-pressure
data for more volatile fuels calculated from equations (10) and (12).

Vapor-liquid ratio. - Another useful relation in fuel-system design
is the variation of vapor pressure with vapor-liquid ratio. Equations
have been developed for the calculation of this relation, and their use
has been confirmed for jet fuels snd fuel oils as we12.as aviation gaso-
line (ref. 15). The equations are not recommended for use at tempera-
tures very much in excess of the normal boiling point or at pressures
much above atmospheric. Consideration is being given to the extension
or modification of the equations for use with pressures as high as 200
pounds per square inch (ref. 15).

—— —. -—— —.. .—.. .-—
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with
The following equation represents
v~z at constant temperature:

In order

tity has
and (n)

the variation of vapor pressure
~.

A@ ,t ( )=~,t+a 1 - 0.0151..5~,t (v/2)0”75 (15)

to use this equation it is necessary to know ~,t. This quan-

been pretiousl.ycalculated for various fuels from equations (10)
and is expressed as pressure in figures 6 and 7. These figures

.

may be used in solving the above equation by selecting values of pressure
at a specific tempwature and reconverting to Ao,t by use of figure 5J g
table lXKEII of reference 2, or equation (9). w

The parameta- a in equation (15) canbe estimated f?om the follow-
ing equation:

a= (3.3 1 - 6“6
bS+ 6.6)

(16)

The value of b in equation (16) canbe det~ned from the following
equation:

b =0.5181(1 - o.oo24@oo)- 0.04@(l + 0.0032 ~,100) (17)

In equation (17), ~,loo corresponds to the value of pressure at 100° F

in figures 6 and 7. For convenience in solving equations (15) to (17)
reference 15 includes tables to simplify the calculations of a, b, amd
(v/z)o”7? The deterdnation of values from equation (15) can be further
simplifiedby use of figure 8, which represents the combination of equa-
tions (16) and (17) given by

a
S(a - 3.3) =

0.0000194 ~, 1oo”(9.69 +@) -0.00606 (12.953 -@ (18)

lheezing Point

Atmospheric temperature measurements have shown (ref. 16) that
ambient temperatures as low as -137° F msy be encountered at high alti-
tude. Even with aerodynamic heating in high-speed aircraft, skin tem-
peratures and, in turn, aircraft tank temperatures might still be weKl
below fuel freezing temperatures. In order to ensure reliable fuel-
system operation at altitudes where low temperatures me encountered and
in geographical areas subject to low-temperature ground conditions, air-
craft fuel specifications limit fuel freezing temperatures to a maximum

.

of -76° F for all fuels except JT-5. As previously mentioned, JP-5 is
often blended with aviation gasoline, and the blend has a freezing point
of about -60° 1?(table III).

a
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The restriction of freezing point to a msximum of -76° F has one
great disadvantage in the jet fuel field in that it restricts availabil-
ity. In reference 17 it is shown that the availability (percent of crude
petroleum) could be increased from 13 percent to 20 percent for a 100° F
flash-point fuel if the freezing point were increased from -76° to -50° F.
Regardless of the advantage in increased availability, no upward revision
of freezing-point specification is likely to occur until problems of fuel
handling at low temperature are solved and means are found for the effi-
cient utilization of high-boiling fuels in jet engines.

Certain components of petroleum-derived materials have high freezing
points; and, in the case of jet fuels, the less volatile constituents
maybe very near the maximum allowable freezing point. There is no rig-
orous correlation between volatility and freezing point; however, figure
9 illustrates a genmal. trend based upon Bureau of Mines data for cuts
of crude petroleum. This figure shows that freezing potits for water-
free fuels increase as the end point of the fuel increases. The scatter
among these data can be attributed to differences in hydrocs&bon cowosi-
tion of the cuts.

Although the data in figure 9 indicate that endpoints greater than
480° F would produce fuels with freezing points higher than -76° F, it
is known that jet fuels with higher end points have been made and that
such fuels have freezing points below -76° F. The data in figure 9 are
presented simply to illustrate a trend of freezimg point with endpoint
and ae not considered representative of commercial jet fuels. For this
reason the reader is cautioned not to use figure 9 for estimates of jet-
fuel freezing points.

viscosity

Viscosity data are necessary for the calculation of line losses in
aircraft fuel systems and maybe required for the estimation of injection-
nozzle perfo~cej consequently, data have been collected to indicate
the viscosities that may be expected for a varie~ of fuels over a range
of temperatures. Viscosities are not regulated for JT-3 and JP-4 fuels
in current specifications,but maximum limits at low temperatures are
established for J2-1 and JP-5 fuels (table I).

For many years A.S.T.M. viscosity-temperature charts have afforded
a convenient method for representing the viscosity-temperaturerelations
of petroleum products. ‘T& coorditites
an equation of the following form (ref.

log log (v + c) =

where

on these ‘&art;
18):

AlogT+B

are adjusted to

(19)

—. .. . .. ... . ..—. ..-— ___ ,____ . . —. . —-. ..— –...—.



22 NACA TN 3276

A,B,C constants

T absolute temperature, OR

v kinematic vi.scosi~, centistokes

Viscosities plotted against temperature on these charts produce linear
relations for a given fuel. It is possible, therefore, to estimate vis.
cosities over a tide range of temperatures from expertiental data taken
at two temperatures. If only one viscosity-temperaturepoint is known,
viscosities at other temp=atures can be estimated by drawing a line
through the point parallel to lines previously established for similsr
fuels. This practice is not recommended except within the range of vis-
cosities generally associated with aircraft fuels.

Viscosity-temperature characteristicsfor average or typical.fuels
are plotted on the A.S.T.M. chart in figure 10. Alth.o@ the data won
which these curves are based are rather limited, it is believed that the
average slopes shown may be used with reasonable confidence since stocks
from several sources are represented. Solid straight lLnes are shown for
each fuel over the range where equation (19) is applicable. This equa- .
tion canmt be applied to temperatures below the freezing or pour points
of the fuels, and the lines have been terminated at these points. There
sre also unpublished expertiental.data ad data from reference 19 that &

indicate deviations from the Iinesr relation at high temperatures; there-
fore, dotted lines have been drawn in figure 10 for the high-temperature
portions of the curves. Although only approximations, the dotted portions
will give more accurate estimates of viscosity than will extrapolations
of the straight lines.

Viscosity decreases markedly tith temperature (fig. 10), the effect
being greater with the more viscous fuels. At a given tempwature there
are also tide clifferences in viscosi~ among the fuels. 5e heavier fuels
are so viscous at low temperatures that heating would be required to pro-
duce suitable pumping snd atomizing characteristics.

Water Solubili@

Most dmxraft fuels are substantially saturated with water during
some stsge of their processing and handling. The volubility of water in
hydrocarbons is quite low and is not easily determined. It has been
established, however, &t this volubility decreeses rapidly with de-
creasing temp~ature and that the log of the volubility is inversely
proportional to the absolute temperature (ref. 20). It has SMO be-

.

shown that aromatics dissolve umre water than do the other conmmn classes
of hydrocarbons (ref. 20). .

8J
CN
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Only a limited amount of data is available on the soltiility of
water in jet-engine fuels.“ Examples from references 21 to 23 are shown
in figure 11 where weight-pmcent water is shown as a function of temper-
ature for a gasoline,,aJP-3 fuel, a JP-4 fuel, and two kerosenes. Be-
tween 120° and 20° F the volubility decreases by a factor of 5 to 20, and
lowering the temperature of a water-saturated fuel causes much of the
water to separate. For exsmple, lowering the temperature of the JP-4
fuel shown in figure 11 from 120° to 200 F reduces the sohibility from
0.024 to 0.0047 weight-percent water in fuel. This change would cause
about 1.3 pounds of water to separate from 1000 gallons of fuel. At the
lower temperature the water would freeze and could clog aircrsf% filters
as reported in reference 21.

Reference 21 shows that a dry fuel can become substantially saturated
with only a brief exposure to liquid water. Reference 22 also shows that
fuels quickly come to an equilibrium water content with the water in the
atmosphere. At a given temperature for both fuel smd air, a fuel will he
fully saturated if exposed to air with lm-percent relative humidity, and
will, for example, be 25-percent saturated if contactedby air having
.25-percentrelative humidity. This suggests {ref. 22) that, in aircrsft
tanks with good venting, fuels can lose much of their dissolved water
during climb after take-off since the cold ambient air would have a low
absolute humidity and would pick up water from the relatively warm fuel.

Volubility of Gases

There is considwable interest in the volubility of gases in fuels
resulting from the possible use of couibustionproducts for tank inerting
and of compressed”gasesto transfer fuel through aircraft fuel systems.
These solubil.itiesfollow Henry’s Law quite closely (i.e., the mass dis-
solved is directly proportional to pressure), and, therefore, gases wiKl
separate out of a saturated fuel if the pressure is reduced. This sep-
arated gas phase can present problems in the pumping and flow of fuels.

The literature contains a fairly hrge anmnt of data on the volu-
bility of the comnmn gases in pure hydrocarbons, but there is often a
stistantial disagreement between sources as to the solubilitieswithin a
given system. There is much less data for ticraft fuels, particularly
JT-4 and JP-5, the fuels of ~eatest current interest. However, a method
is proposed in reference 24 that appears to give accurate estimates of
the volubility of many gases in any fuel at smy temperature. The method
is mathematically complex and requires the critical temperatures, pres-
sures, and fugacities of both solute and solvent for its solution. These
properties can be evaluated for a given system; and, through the use of
this method, solubilities of air in kerosene were calculated at three
temperatures. The calculated results were within 10 percent of experi-
mental results in this case (ref. 24).

— .. —. — —- —--- —.—--
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Since the method of reference 24 is difficult to apply, a more simple “
correlation was sought to permit rough estimates of gas solubilities in
aircraft fuels. Reference 25 presents a tabulation of the literature
values for the Ostwald coefficients for several gases in a variety of

.

solvents. me Ostwald coefficient is defined as the volume of gas dis-
solved h 1 volume of solvent, the gas volume measured at the conditions
of solution. This coefficient is independent of pres~ure. The Bunsen
coefficient is often used and is the volume of gas, reduced to 32° F and
1.0 atmosphere pressure, dissolved in 1 volume of fuel at a gas partial
pressure of 1.0 atmsphere. The Bunsen coefficient can be calculated
from the Ostwald coefficientby

(20)

where

T’ temperature of solution, ‘R

a Bunsen coefficient

P Ostwald coefficient

A study of the data given in reference 25 suggested that for oxygen~
nitrogen, and & dissolved in petroleum fractions there were fair corre-
lations between the Ostwald coefficients and the specific ~atities of
the fractions at the temperature of solution. These correlations are
described in appendix B-4,and figure 12 was developed from them. This fig-
ure permits estimates of Ostwald coefficients over a range of temperatures
for fuels of varying spectiic gravities. The data scatter for fuels in the
correlations (appendix B-4) indicates that coefficients estimated from
figure 12 maybe accurate to about 325 percent. The method of reference
24 is recommended if higher precision is required.

Reference 25 also lists data for carbon dioxide, carbon monoxide,
helium, neon, and argon. For carbon dio~de and umnotide there was no
correlation with solvent density, and for the other gases there was in-
sufficient data to attempt a correlation. For all these gases Ostwald
coefficients sre plotted in figure 13 over a range of temperatures for
several hydrocarbon solvents. ‘lhesedata maybe useful to indicate the
order of soltiil.itiesthat may be found in hydrocarbon fuels. For carbon
dioxide, unlike the other gases, there is a decrease in Ostwald coeffi-
cient tith increasing temperature, and the volubility of this gas is very
high. This high volubility may prove troublesome if cotiustion products .

are used for tank inerting.

*
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Surface Tension

There is occasional interest in the surface tension of fuels. Values
for this property cap be found for various petroleum fractions in refer-
ence 26 and in the International Critical Tables. Mst of these data
were obtained near room temperature.

Surface tensions can also be estimated by using the classical equa-
tion of Ramsay and Shields (1893) as given, for exsmple, in reference 27.
In this equation

where

D

M

T

Tcr

o

(7
2/3

D=
2.12 (Tcr - 6 - T)

<

density at temperature of measurement, g/cc

molecular weight

temperature of measurement, OK

critical temper&13ue, ‘K

surface tension, dyne/cm

(21)

For a given fuel, the density at any temperature ad the molecular
weight and critical temp=ature can be estimated from corrections given
in reference 1, thus permitting the calculation of surface tension at any
temperature. Less precise estimates can also be made based only on the
60° F specific graviw of the fuel, since both nmlecular weight and crit-
ical temperature canbe approximated from this property. Figure 14 is
the result of such estimates and is based on molecular weight - grati~
relations for ~oup III fuels taken from reference 1 and critical-
temperature - gravity relations from reference 8. (Group III fuels are
those having characterizationfactors between 11.7 and 12.0, a range
including most jet-engine fuels.) Surface tensions can be estimated for
fuels of varying 60° F specific gravities up to their critical
temperatures.

Surface tensions estimated by interpolation from figure 14 at the
lower temperatures ran slightly below but within 2 dynes per centimeter
of data given in the International Critical Tables and reference 26. 5e
temperature coefficient at the lower temperatures is approximately the

.- same, -0.05 dyne per ‘F, as given in reference 26. No surface-tension
data at high temperatures are lmown; therefore, no comparison can be made.
However, surface tension must decrease to zero at the critical tempera-n
ture, and the temperatures shown on figure 14 for zero surface tension

.
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are close to the critical temperature of these fuels. In general, it is
.

%elieved that surface tensions canbe estimated from this figure within
4 dynes per centimeter with the possible exception that unusual fuels may .
have surface-active impurities that can reduce the surface tension to
below estimated values. The presence of such impurities canbe deter-
mined only by direct measurement of surface tension.

. . Dielectric Constant

With the development of the capacitance-type fuel gage for use in ~

aircraft, attention was directed to the electrical as well as the physical W

properties of fuels. The gage consists essentially of’a capacitor im- .
mersed in the fuel tank. The pointer of the gage deflects proportionally
to the height of the fuel in the capacitor and to a quantity (K-1)/D,
where K is the dielectric constant and D is the density in pounds per
gallon. The quantity (K-1)/D is called the capacity index and is the
fuel characteristic that determines the accuracy of the gage.

Where fuel tanks are nonuniform, the tank and capacitor must be de-
signed and contoured to complement each other so that the increase of
capacitance as the fuel rises is directly proportional to the volume of
fuel in the tank. The gages sre calibrated to read directly in pounds,
and the desired accwacy is +2 percent full scale.

.,

The dielectric characteristics of current aircrsft fuels were in-
vestigated in a study involving measurements on approximately 160 fuel
samples. The first portion of this work is summsrized in reference 28,
and an analysis of the data is reported in reference 29.

It is not the intention of the present report to review the entire
study; however, a few figures are included herein to illustrate the var-
iations in dielectric characteristics that might be encountered with
fuels procured under existing specifications.

The dielectric constants of fuels vary linearly with temperature as
sho~m in figues 15(a) to (c), which are based upon data from reference
28. For JP-1 fuels (fig. 15(a)), the deviation from average is approxi-
mately *2 percent; for JP-3 fuels (fig. 15(b)) the deviation varies be-
tween 3.2 percent and 5.8 percent over the temperature range shown. In
figure 15(c) data are sho~m for 30 fuels that approximate the character-
istics of JP-4 fuels. These fuels were prepared by evaporating 10 percent
of the light ends of the JP-3 fuels shown in figure 15(b). The deviation
for these Jl?-4fuels vsries between 3.4 and 7.0 percent. .

The spread of data in figures 15(b) and (c) is probably representa-
tive for JP-3 and R-4 fuels inasmuch as the specific gravities of the .
samples investigated approximately covered the range permitted by the

— —.-— ----—-——— .—— ——— —.. —...—
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The range of specific gyatities for the iCP-1fuel samples reported in
reference 28 is not so wide as the rsmge permitted by specifications.
This is illustrated in the following table:

Fuel
.

Jl?-1
m?-3
JT’-4

Specific ~avity at 32° F

Ref. 28 ~lPermitted by
]specifi.catio.

Min. lk. lMin. lk.

0.8019 0.8466 0.785 0.862
.7434 .8117 .752 .792
.7524 .8300 .763 .813

In order to estimate dielectric.constants for fuels other tham those
in figures 15(a) to (c), the data in reference 28 were plotted for all
fuels at two temperatures, 32° and 77° F. All these data fell in a single
linear pattern, W deviations from a fatred line through the points were
no ~eater than *2 percent. me equation of the line i.s

K = 1.667p + 0.785 (22)

where

P specific gravity at any temperature

K dielectric constant at the same temperature

An additional check of equation (22) was made with data from refer-
ences 30 and 31. These data indicate that the equation applies for par-
affinic and dycloparatfinichydroc=bons over a ra.ngjeof temperatures
from -184° to 410° F. The dielectric constants for pure aromatics are
somewhat higher than those of psraffins, particularly in the high-density
range. For this reason it is recommended that equation (22) be used with
caution for fuels containing high percentages of aromatics. 5ere is no
accurate method to set the limiting value of aromtic concentrationfor
use in this equation; however, on the basis of data available at this
time it is suggested that equation (22) be used for estimation of di-
electric constants only tith fuels containing less than 25 percent (by
volume) sromatics. Changes in dissolved-water content within the limits
imposed by volubility had a negligible effect on dielectric constant
(ref. 28).

Equation (22) is used to estimte the dielectric constants for the
fuel oils and JT-5 fuel. The specific-gravity curves of figure 3 were
used in msking these estimates. The results are presented in figures
15(d) to (g). ‘I’hedielectric const=ts for various fuels are compsred
in figure lS(h).

..-—-.—. — —.— .. —--—-—— -—— — —— ._ ~———— . .. —.————
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In addition to the physical properties discussed in the preceding
section, there are certain thermal properties that play an iwortan.t pa -
in the design of aircraft fuel systems. In the past many of these prop-
erties have been significant from a safety standpoint and are now even
more vital under high-temperature conditions that may exist in supersonic
aircraft. The succeeding portions of this section review these proper-
ties and describe the variations to be expected for jet fuels and fbel
oils.

heat
The gross, or
released when

csrbon diotide gas
heat of combustion

upper,
a unit

Heat of Combustion

heat of combutiion of a fuel is the amount of
weight of fuel is completely burned to yield

and water in the liquid phase. The net, or lower,
is the amount released when carbon dioxide and gas-

phase water are the products. The difference between the gross and net
heats is equal to the latent heat of evaporation of the water formed h
burning a unit weight of fuelj this difference is proportional to the
hydrogen content of the fuel. Only the net heat of combustion is of
practical significance since the exhaust te~eratures of all engine cycles
sre so high that only gas-phase water is discharged. .,

In table I it is shown that the minimum heat of combustion accept-
able for JP-3 and JT-4 fuels is 18,400 Btu per pound. It iS doubtful
that the average heat of combustion for these fuels wi~ ever be more
than 2 to 3 percent ~eater than this minimum figure. Heats of combus-
tion for JP-1 fuels ue not limited by specifications, - on the basis
of data in table VIII a~ear to be 1 or 2 percent lower than those of
~-3 and JT-4 fuels. 5e spread of heating value among JP-1 fuels will
probably be no greater than *1.5 percent of the average value.

A fairly precise relation exists between the net heat of combustion
of hydrocarbon fuels and the product of the aniline petit and the API
gravity, or aniline-gravityproduct. The following equation, tsken from
reference 32, can be

%
= 17608 +

where

used for aircraft fuels:

0.2054s#G - 7.245x10-6(~G)2 - 140 (% SuJfur) (23)

d aniline point, ‘J?

G gravity, ‘API

% net heat of coribustion,Btu/lb

—
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The suU?ur correction in equation (23) is in a different form from that
given in reference 32 but gives substantially identical results.

If aniline points we not available,
be estimated with somewhat less precision
using the following equation:

the net heat of combustion can
from specfiic gravity alone

%
= 22,130 -I- 2560

’60
- 1.53

(24)

where

’60
specific gravity at 60° F.

Equation (24) was calculated from a curve for net heat of cotiustion
presented in reference 1. This curve, together with a curve for gross
heat of combustion, is reproduced in part as the dotted line in figure
16(a). The abscissa of this figure has been changed to be linear in
spectiic gravity rather than ‘API used in reference 1. Because of the
interest in calculations for volume-limited aircraft, figure 16(b) is
included to illustrate the variation of heats of cotiustion per unit
volume with specific gravity and aniline point.

Heats of cotiustion are determined for a process in which the prod-
ucts of combustion are brought back to the initial reactant temperature.
A reference temperature of 77° F is usually chosen. The effect of vq-

ing temperature on heats of combustion is negligible over a wide range
and less than the normal precision of measurement of heating values, as
sho~m in appendix B-5.

Latent Heat of Vaporization

“A method described in reference 1 permits the estimation of latent
heats of vaporization from A.S.T.M. distillation and API gravi~ data.
The averaged data for jet fuels and fuel oils in tables VIII and X have
been used to calculate the variation of latent heat of vaporization with .
temperature (fig. 17). A curve for the 115/145 grade aviation gasoline
(table III) isincluded foreo~arison. ‘l?hecurp esfort hefuelscon-
verge at low temperatures with a total spread of about 9 Btu per pound at
200° F. In the high-temperature portion of the figure the curves sre
extended to the critical temperatures.

Not shown are data to indicate the latent heats of vaporization for
maximum- and minimum-quality fuels under each specification. However,
check calculationsbased on the physical-property variations sho~m in
tables VIII and X indicate that the spread between maximum and minimum

—--—,.. .— .—-— —— ~.. —-—— . .._ _.— —. . ...-— —
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heats of vaporization for jet fuels would not exceed 10 Btu per pound up “
to 400° F. At temperatures up to 600° F the spread may be as great as
20 Btu per pOUld.

“

Specific Heat

Specific heats for petrolew fuels in the liquid state are shown in
figure 18 as functions of API gravi~ and temperature. This plot is based
upon the following equation from reference 33:

%
G

~ = L (0.388 + 0.00045 t)

G

(25)

where

%
specific heat at constant pressure, Btu/lb/°F

t temperature, OF

’60
specific gravi~ at 60° F

For fuels having charact=ization factors of about 11.6, the agree-
ment between figure 18 and the following correlation developed in refer-
ence 34 is quite good: .

~ = 0.681.1- 0.308p60 + t(O.000815 - 0.0003C)6p60)(0.C)55k+ 0.35)

(26)

where

k characterizationfactor

Since the jet fuels of interest (table IX) have characterizationfactors
of 1.1..6to 11.8, the use of figure 18 should be satisfactoryfor estima-
tion purposes. H greater accuracy is desired, equation (26) should be
used for the characterizationfactor of interest.

Sti13.another correlation is presented in reference 1 where specific
heats are given as functions of t.aperature,API gravi~, and volumetric
average boiling point. This relation is perhaps a 13ttle easier to use
tk that of reference 34, since characterization factors are not re-
quired. The values obtained from the relation in reference 1 are about
5 percent higher than those determined from figure 18.

—.. —.—
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Enthalpy

Enthalpy di~ams are useful for deterdninn the capacity of fuels
to absorb heat or the amount of heat required to accon@ish a given

-e ~ tie teW?erat~e or the state of a fuel. Such diagrams can be
constructed for any fuel using the correlations of, for example, refer-
ence 1 between the heat capacities and latent heats and the distillation
and gravity of the fuel. Enthalpy diagrams for average quality JP-3,

$ JP-4, and JP-5 fuels are given in figure 19. The saturated-liquid curves

5
on this figure are used to estimate the amount of heat that can be ab-
sorbed in the liquid phase alone. The saturated-vapor curve is used when
the fuels are completely vaporized. The region between these two curves
represents conditions of partial vaporization, and the lines above the
saturated-vaporcurve show the enthalpy of superheatedvapor. Also show-n
are lines of constant pressure to indicate the pressures required to
vaporize the fuel.

As an example of the use of these diagrams, consider the average
quality XP-4 fuel in the liquid phase and at an initial temperature of
100° F (fig. 19(b)). 5e initial enthalpy is 48 Btu per pound as shown
by the saturated-liquidcurve at 100° F. Assume that 250 BtU per pOURd .
are to be added to this fuel giving a final enthal.pyof 298. This heat
addition can be made in several ways:

(1) The fuel can be kept completely in the liquid phase. The final
temperature will then be 520° F as shown by the te erature of saturated

?liquid at an enthalpy of 298 Btu per pound (fig. 19 b)). A pressure
greater than 8 atmospheres would be required to keep the fuel liquid. )

(2) The latent heat of vaporization can be fully exploited as a heat ‘
sink and the fuel completely vaporized. The final temperature of the
vapor will.then be 335° F as indicated by the saturated-vaporcurve at
an entha~y of 298. A pressure of around O.7 atmosph~e or lower will.
be required for complete vaporization.

(3) The fuel can be partially vaporized at temperatures between
520° and 335° F depending on the pressure. For example, at a pressure
of 2.0 atmospheres, a partial vaporization will yield a final temperature
of 380° F with a fuel being in a tied phase.

These enthalpy diagams show that the latent heat of vaporization is
only available as a heat sink at moderately high temperatures or low
pressures. This is e~ecial.ly true with low-volatility fuels such as
J-P-5. For example, JP-5 fuel could be fully vaporized at 350° F, but the
pressure in the evaporator would have to be below about 0.2 atmsphere
(fig. 19(C)). These vapors would have to be recompressed before they
could be fed to an engine. This recompression would present a major

Pqti problem.

— -. -—-. .— .--—. — —.. - --—-—- -—
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Although only three enthdpy diagrams are presented for fuels of .

interest in this study, reference 1 contains di~ for petroleum frac-
tions with mean average boiling points varying between 200° and 800° F
and characterization factors of U. and 12. Cross interpolationbetween

.

these diagrams can be used to construct enthalpy diagrams for a wide
variety of fuels.

Flarmmbility Properties of Fuels

A large amount of information is available on the combustion of
hydrocarbons; however, a complete review of this material is beyond the
scope of this report. *me aspects of conimstion research are tiectly
related to aircraft fuel systems, and these are discussed briefly. In
the succeeding sections, fMmnability limits, ignition temperatures, flame
propagation rates, and quenching distances are discussed.

Flammability limits. - Homogeneous, gas-phase, hydrocarbon-air sys-
tems are flanmable only over a definite range of concentrations. At any
given temp~ature and pressure there is a lean (lower) litit for a fuel
which represents the minimum concentration of fuel in air requhed for
combustion and below which concentration flames cannot propagate. Sim-
ilarly, there is a rich (upper) limit which defines the madmum anmunt of
fuel in air that will s~port combustion. Flammability limits vary de-
pending on whether the flame is propagated upward, downwsrd, or horizon-
tally. The tidest limits are found with upward propagation where con-
vective forces help the flame tiavel through the fuel-air mixture. Much
of the data in the literature is for upward propagation, since these
studies were aimed at detem-n the flammability hazards involved in
the storage of fuels and the widest limits were desired to give margins
of safety.

There are some variations in the reported flammability limits due to
apparatus variables. This is especially true for limits determined at
low pressures where the quenching effects of chanber walls become an
important factor; however, there is f* ~eeme~ ~ the ~terat~e for
flamabili~ limits determined at 1 atmsphere. It has long been rec-
ognized that lean-limit mixtures of all hy&carbons contain about the
same heat of combustion per unit volume of fuel-air mixture, and on this
basis the fuel concentrations for lean-~mit ndxtmres at 1 atmosphere
can be calculated from the following equations taken from the correlations
of reference 35

where

L lean-limit

and converted to E&li=h units:

concentration,

L = 1.87x106
q$

perceti by volume

(27)

—.
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moleculsx weight

net heat of combustion, Btu/lb

limits calculated from equation (27) can also be expressed in terms
of fuel-air ratio by

LxM
‘f/a = (100 _ L)x28.97

(28)

where

%/a lean-limit concentration,fuel-air ratio

Rich-limit concentrations can be estimated from the correlations of ref-
erence 35 by the followin.gequations:

where

R rich-13.mit

‘f/a rich-limit

R= —L + 143
$.7

R
f/a = (100”- R)x28.97

concentration,

concentration,

Equations (27) to (30) were

(29)

(30)

volume percent

fuel-air ratio

derived from pure-hydrocarbon data but— . .
are applicable to practical fuels. The equations require heats of com-
bustion and molecular weights as input variables. Heats of Sonibustion
can either be estimated by the methods previously described, or a value
of 18,500 Btu per pound can be used for aircraft fuels with an inaccuracy
no ~eater than 3 percent. 5e molecular weights required in these equa-
tions are for the vaporized portion of the fuel. If the fuel is com-
pletely vaporized, the molecular weight of the whole fuel as estimated
from charts in reference 1 can be used. Concentration limits have been
calculated on this basis for various fuels of minimum, maximum, and
average volatility.
both volume percent

.

These sre listed in the following table & terms of
and fuel-air ratio:

_.—._,-—.—. . . -.——— _. -,_ ...- .. -.——— ——— .-. . L . . .
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Fuel Flammability limits

Volume percent Fuel-air ratio

Lean Rich Lean Rich

JF-1
Minimmi volatility 0.62 4.66 0.035 0.28
Maximum volatility .71 S.ls .035 .27
Average volatility .67 4.96 .035 .27

J-P-3
Minimum volatility .76 5.40 .035 .26
Msximum volatility 1.70 7.16 .035 .25
Average volatility .90 6.15 ●035 .25

J-P-4
Minimum volatility .74 5.34 .035 .26
Maximum volatility .90 6.15 .035 .25
Average volatility .80 5.63 .035 .26

JP-5
Minimum Volatility .57 4.38 .035 .28
Ma@mum volatility .62 4.68 .035 .28
Average volatility .60 4.53 .035 .28

No. 1 fuel oil
Minimum volatility .53 4.18 .035 .28
Maximum volatility .61 4.61 .035 .29
Average volatility .58 4.45 .035 .28

No. 2 fuel oil
Average volatili~ .52 4.09 .035 .29

No. 4 fuel Oil
Average volatility .45 3.71 .035 .29

These calculated concentrations are slightly in error because equations
(27) to (30) were developed from flammability-limit data obtained at room
tem&rat&eJ while much higher temperatures are actually required for
complete vaporization of these fuels. Temperatures of about 300° F me
required for complete vaporization of jet fuels to produce rich-limit
mixtures. However, the inaccuracies due b tie temperat~e effect are
not large as shown by the following comparison between estimated limits
and those ~erimentally measured at 300° F (ref. 36):

Fuel Flammability limits, fuel-air ratio

Calculated Measured at 330° F

Lean Rich Lean Rich

J-P-l 0.035 0.27 0.037 0.31
rn?-3 .035 .25 .037 .30

d

.
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The preceding paragraph deals with the
trations under conditions where the fuel is
where the molecular weight of the vapor can

35

calculation of limit concen-
ccnupletelyvaporized and
be estimated with fair pre-

cision. Under conditions of p=tial vaporization, the molecular weight
of the vapor will vsry both with the properties of the fuel and to a
lesser extent with the fraction vaporized; this fraction will%e small in
fuel tanks unless the tanks are nearly empty. Reference 37 contains a
table that includes estimates of vapor molecular weights under fuel-tank
conditions as a function of the fuel’s 10-percent-distillationtempera-
ture. These data are plotted as the line in figure 20 along with points
for seven fuels taken from reference 12 for 2-percent evaporation. The
~eement between the two references is good. Lean and rich flsnmability
limits canbe estimated for fuel-tank conditions by using molecular weights
from this figure in equations (27) to (30).

Relatively little work has been done on the flammability limits of
mists and sprays because of the difficulty in preparing stable mists of
known concentration. However, it is fairly well established that the
flsmability limits of evenly dispersed small droplets are much the same
as for vapors. For example, the limits for a mist of 10-micron JT-l fuel
droplets at 32° F are compared in the following table with the Lhnits for
vaporized JP-1 fuel at 300° F (both experiments are from reference 36):

Flamabiliw limits of JP-1, fuel-air ratio
Mist at 32° F Vapor at 300° F

Lean Rich Lean Rich

0.043 0.23 0.037 0.31

The mist has a slightly narrower flammability range, but much of the dif-
ference maybe due to the difference in temperature between the two
experiments.

Flammability limits change tith pressure. The effect of var@mg
pressure on the limits of n-hexane is showm.in figure 21 for pressures
below 1 atmosphere (ref. ~~ and in figure 22 for pressures to 10 atmos-
pheres (ref. 39). The subatmospheric limits (fig. 21) were measured with
upward propagation in a 2-inch-dismetertube, and both the narrowing of
the flammability regionbelow 10 inches of mercury absolute snd the low
pressure limit of about 12 inches of mercury absolute reflect the quench-

ing effect of the tube walls at low pressures. Wider flanmabi~ty ranges
at low pressures and lower pressure limits would be found in larger sys-
tems such as aircrsft fuel tanks. The superatmospheric limits (fig. 22)
were measured with horizontal propagation, and for this reason the flam-
mability range is somewhat narrower than would be obtained with @ward
propagation. ‘l’hisfigure shows amsrked widening of the flammability
limits at higher pressures.

— .— - .- -— —— .—--- .—— -—— .—. --——— — ——— ----—- - —.——
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Up to this point the limits discussed have been composition limits
for homogeneous systems with the fuels either wcporized or evenly dis-
persed as mists. In cases where there is a relatively large amount of
fuel as, for example, in fuel tanks, there are both upper and lower tem-
perature limits, which sre functions of both the coqosition limits and
the volatility of the fuel. For example, 115/145 octane gasoline has a
vapor pressure of about 3 pounds per square inch absolute at 60° 1?.
Under equilibrium conditions, this pressure is sufficient to give a fuel-
air ratio of about 0.6 in the tank free space above the fuel. This fuel-
air ratio is about twice the rich limit; therefore, the free space above ti

115/145 octane gasoline is nonflammable at 60° F under equilibrium con- $

ditions. It should be emphasized that this free space can be flammable
under nonequilibrium conditions such as when a tank has just breathed in
*. Under equilibrium conditions this fuel would have to be cooled to
about 30° F before the vapor pressure is sufficiently reduced to pass
below the rich-limit concentration.

On the other hand, a typical iEP-5fuel has a vapor pressure of about
0.01 pound per squsre inch absolute at 60° l?,equivalent to a fuel-air
ratio of about 0.003. T&k is well below the lean limit, and the tsmk
free space till be nonflammable provided that liquid fuel is not dispersed
in this space. As previously shown, fuel mists in air are nearly as
flamable as fuel vapors in air, @ a fuel tank containing JP-5 fuel at
60° F can be fl~ble M shaken sufficiently to disperse liquid fuel
droplets through the tank free space. The temperature of J2-5 fuel must
be raised to about 135° F before the vapor pressure becomes sufficient
to exceed the lean-1.indtconcentration.

Altitude-temperature ftamability envelopes are often discussed in
reg=d to flight safety. These envelopes can be derived from flaamability-
limit and fuel-vapor-pressure data. ‘&pical envelopes, reproduced from
reference 2, are shown as figure 23. However, the narrowing of those
‘envelopesat high altitude with the fMmnability ceiling at 62,000 feet
(fig. 23) is the result of using ftamability-limit data that were ob-
tained in small tubes ~th low imtion energies. Wider limits at low
pressures and lower pressure limits for flammability have been obtained
using higher-energy ignition systems as shown in figure 24 (ref. 36).
The use of a surge generator, which gave about a 100-millijoule spark
energy, extended the flammability limits of an aviation gasoline down to
about 0.5 inch of mercury absolute. This is equivalent to an altitude
of 75,000 feet. Further, the flammability range is nearly as wide at
very low pressures as at 1 atmxphere.

Since it is believed that lean- and rich-concentration limits me
substantially constant up to pressure-altitudes of at least 75,000 feet,
sltitude-temperaturediagrams were calculated using equations (27) and
(29), moleculsr weights from figure 20, and vapor-pressure data extrapo-
lated from figures 6 and 7. 5ese diagrams sre given in figure 25 for
the various average-volatilityfuels.
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Figure 25 is believed to be a somewhat better criterion for fL@ht safety
than figure 23, since it indicates no ftamability ceiling.

Fire hazsrds may exist in fuel tsdcs at conditions well outside
the envelopes shown in figures 23 ad 25 since these figures were based
on equilibrium conditions. Flammable mixtures can result at tempera-
tures and altitudes well above the indicated upper limits if the tanks
breathe in air. Flamable mixtures can also be found at temperatures
and altitudes far below the lower limits shown if mechanical forces
disperse liquid fuel into the tank free space. It appears that com-
plete freedom from possible tank explosions can only be attained through
inerting.

Ignition temperatures. - Flamable mixtures can be ignited by sparks,
hot solids, hot gases, shock waves, or by the injection of spontaneously
flammable agents; however, only ignition by hot solids will be considered
herein.

The most widely used type of thermal ignition test is one in which
a liquid fuel is dropped into a heated crucible or flask. The lowest
temperature that wilJ cause an ignition is called the spontaneous-
ignition temperature or autogenous-ignitiontemperature. !J!histempera-
ture for typical fuels and lubricants is listed in the following table
(refs. 40 and 41):

Fuel or lubricant Spontaneous igni&n temperature,

100/130 Grade aviation gasoline 844
Iow-vohtility aviation gasoline 900
Unleaded wtor gasoline 568
Kerosene 480
JP-3 fuel
Sample A 484
Sample B 502

JP-4 fuel 484
Jl?-5fuel
Sample A 473
Sample B 477

No. 1 fuel oil 490
No. 2 fuel oil 498
No. 4 fuel oil 505
No. 6 fuel oil 765
SAE 10 lubricating oil 720
SAE 60 lubricating oil 770

Jet fuels have ignition temperatures that sre among the lowest found for
hydrocarbons and that are considerably low- than those for aviation
gasoline.

. .. ..— — .——. .— .—— .—. — —— .— -— —————. ...-— .—---
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Increasing pressure decreases ignition temperature as shown below
(unpublished NACA data):

Pressure, Ignition temperature, ‘F
atm JT-4 fuel JP-5 fuel

1 484 477
5 383 415
9 374 408 8

Flame propagation. - A flamable mixture, once ignited, will continue
fi

to react until the reaction is either complete or is quenched. The reac-
tion takes place in a discrete reaction zone and may occur either as a
normally propagating flame or as a detonation. Flame propagation in a
static system or in lamhar flow is a relativew slow process; velocities
are of the oral= of 1 to 2 feet per second for most hydrocarbon-air sys-
tems at ambient -temperaturesand 1 atmosphere pressure. 5is velocity
increases with increasing temperature, me effect bei~ apProx~te~
proportional to the 1.5 power of the ratio of absolute temperatures.
Changing pressure has little effect on laminar flame-propagation rates.
Flame velocities vary with fuel-air ratio and are highest for mixtures
just slightly richer than stoictiometfic; stoi~iome~c fuel-afi ratios
are about 0.0.68for aircraft fuels. In turbulent flow, flame-propagation
rates are increased but never by a factor of more than about 10. There
is about an eightfold increase in pressure as the result of normal prop-
agation fi a closed, adiabatic system. .

Detonation is a much nmre rapid process and may reach velocities of
the order of 5000 feet per second in hydrocarbon-~ systems. The ranges
of fuel-air ratios that will detonate are much narrower than the flamma-
bil..ityranges previously discussed; that is, a more nearly ideal cotius-
tible mixture is a requisite nmre for detonation than for normal propaga-
tion. While the final pressure after detonation in an adiabatic system
is only about 8 times the initial.pressure, a transient pressure of 15 to
20 times the initial pressure travels with the detonation wave. For this
reason detonations can be umre destructive than normal combustion.

Quenching. - Flames will be extinguished rather than propagate
through too narrow a constriction. This is called quenching and is the
basis for the -v-y lamp and for flame arresters. ‘Ihequen~ing distance
is the smallest separation between parallel plates that will just allow
a flame to pass, and the qu~_ ~ameter iS tie minimum diameter of a
tube through which a flame wil-1propagate. The qH** Uameter is
1.25 to 1.50 times the quenching distance. .

Quenching distances are influenced by mixlmre composition,pressure,
and temperature. For nearly ideal mixtures (slightly richer than stoichi- .
om&ric), the quen- di~t~ce. of tie co~n hydrocarbons ~ ah iS
approximateely given by the following equation:

—
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where

P absolute pressure, atm

@ quenching distance, h.

T temperature, ‘R

PRAC?21CALPROBIEMS OF FUEL G9MPOS13!IONAND PHYSICAL PROPERTIM

IN AIRCRAFT FUEL-SYSTEM DESIGN

The foregoing section presents data on the composition and physical
properties of aircraft fuels. In the design of aircrs$t fuel systems,
these properties are associated with certain problems which, if not prop-
erly resolved, can become very practical obstacles to reliable aircraft
performance. Some of these problems are storage stability, fuel clean-
liness, corrosion, inerting, low-temperature effects, and vapor and en-
trainment loss. In the succeeding sections these problems are discussed
and, where possible, the influences of fuel composition amd physical
properties are defined.

Storage Stability and Fuel Cleanliness

Fuel quali~ may be changed in three ways between the refinery and
the aircraft fuel tank because of handling and storage factors. The fuel
may (1) 10se varying amounts of its mre volatile components through
evaporation, (2) increase in gum content, and (3) pick up extraneous
materials such as dust and rust.

The loss of volatile components has been previously mentioned in the
section on volatility and, in extreme cases, might present an engtne
operational problem in regard to starting. The loss of these components
as functions of initial.fuel quality and subsequent handling and the exact
effect of these losses on engine performance are complex problems that
are not discussed.

The gum content of fresh jet fuel, as required by the present mili-
tsry specifications, should not exceed 7 millitgnMM per 100 milliliters.
These specificationsalso require that the gum content should not exceed
14 milligrams per 100 milliliters after laboratory-acceleratedaging, and
presunably the latter concentrateion indicates the order of concentrations
that might be encountered in field-aged fuels. The fuel specifications
do not differentiate between soluble and insoltile gum; either or both
may be found in jet fuels within the required concentration limits.

.-. . .. ..— —...—— .—.— .— —.—— -.-—— _ — — ~-— ———,——. .. . . . _._—
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Gum content is Umited in reciprocating-enginefuels primarily to .

reduce induction-system deposits. Jet engines are considerably more
toler~t of gum, and there is no indication that soluble-gum contents up ~
to several times that permitted by the present specificationswill ad-
v~ sely affect performance. However, insoluble gum may clog filters and
cause sticking of controls and valves, although at present no case is
known of engine operational problems that were caused by fuel-derived gum.

The use of inhibitors to ensure storage stability is a precaution
necessary for control of jet Yuels,which may be produced from a variety
of petroleum stocks. It should not be assumed from this practice that
all jet fuels are unstable. The degree of instability of any particular
jet fuel depends upon the compositions of the stocks from which it is

. derived. In general, it may be said that the thermally cracked stocks
are more unstable than virgin or straight-run stock. Many of the latter
would have good stability without the use of additives.

Suitable inhibitors for improvement of storage stability of aviation
gasoline have been known for sometime, but the same inhibitors are not
satisfactory for jet fuels. Investigations are being conducted, however,
to evaluate the stability of jet fuels and to determine effective types
of inhibitors (refs. 42 and 43). Although these investigations are not
complete, it is probable that improved stability of jet fuels will resuit.

.

While fuel gum does not appear to be a current problem, there have
been operational difficulties caused by extraneous mat=ials that were
picked up by the fuels during shippbg and storage. The presence of

*

suspended material in jet fuels is more serious than in the case of gas-
oline, because the tigher densities and viscosities of jet fuels will
resist settling of the material before fuel is introduced to the aircraft
talks. The condition is also aggravated by the higher fuel flows used
for jet fuels in comparison with those for piston-engine fuels.

Inasmuch as jet-engine fuel systems contain devices such as injec-
tion nozzles, pumps, and metering devices designed to close tolersmce,
the presence of any suspended material in the fuel represents a threat to
the reliability of the system. Rust and dirt in fuels must be considered
housekeeping problems that are primarily the responsibility of the fuel
supplier and aficraft servicing personnel. &ill, the fuel-system de-
signer must recognize the difficulty of obta=n a completely clean fuel
and provide for the removal of reasonable quantities of dirt and rust
that may be present in the fuel even with proper handlhg procedures.

Corrosion

Two of the minor components that my be present in aircraft fuels
are definitely corrosive towards some airframe and engine materials.
These components are mercaptans and naphthenic acids.

—— ..— — —. —
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Mercaptans are sulfur compounds often found in petroleum streams
but seldom in concentrationshigher than O.1 percent mercaptan sulfur 3Y
weight. These compounds are relatively easy to remove by refinery treat-
ing processes, and current JP-3 and iEP-4specifications limit the mercap-
tan sulfur concentration to a maximum of 0.005 percent. At high concen-
trations mercaptans attack cadmium plate and form a yellow gelatinous
naterial in a few hours; at low concerrtrationsthe attack is slower.
There is no evidence that mercaptans attack any other metals likely to
be present in aircraft.

In an investigation conducted by the &att and Whitney Aircraft
Division of the United Aircraft Corporation, fuels conta~ng mercaptans
were puqed through cadmium-plated screens for 10 to 50 hours at 140° F.
The results are as follows:

Mercaptan sulfur, Added water, The at 140° l?,
percent by weight percent by weight br

None None 5
0.005 None 50
.005 0.5 50
.020 None 15

3.0 None 10

Weight loss,

w

None
5.0
8.0

101.2
126

Similar data have been reported by the Esso Laboratories of the
Standard Oil Development Company for bright cadmium strips ~~ by ~ inj

immersed in mercaptan-containingfuels both with and without a separate
water phase. Tlu-results are as follows:

Mercaptan sulfur, Time at 125° F,
percent by weight . days

None 48
0.005 40
.05 48
.2 48
.4 48

Weight loss,

w

Fuel alone Fuel plus
water

o 1 (gd.n)
1 7
1 I_2
o. 22
1 (gain) ~13

It can be concluded from the foregoing @.ta and additional data from
the Texas Company smd reference 44 that the mercaptan sulfur will cause
corrosion of cadmium. Furthermore, the corrosion becomes greater if water
is present in the fuel. Even with the quantity of mercaptan sulfur per- “
mitted by specifications,a certain amount of corrosion will occur. How-
ever, data are not available to indi-cate~fietherthe SPedification li~t
on mercaptan sulfur is consistent with the corrosion that may be tolerated
for cadmium-plated aircraft parts.

—. ._ .— --- ——. -
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Naphthenic acids are organic acids and sre likely to be present in
greater quantities in the higher-boiling jet fuels than in the lower.

.

boiling aviation gasolines. Their concentration is not limited in the
present fuel specificationsbut canbe estimated from the neutralization - 0
number of the fuel. A neutralization nuuiberof 1 is equal to alout 0.3
to 0.5 percent acid depending on the molecular weiglrtof the acid.

Zinc is rapidly attackedby naphthenic acids to yield zinc naphthe-
nates, which are soluble in the fuel. Data suppliedby the Texas Company
indicate the corrosion of galvanized strips (1 by 6 in.) during a 5-day
period at 190° F as shown in the following table:

Neutralization weight loss, mg
number

Dry fuel Water- Fuel plus
saturated. free water
fuel

0.025 10 33 5
.025 8 22 25
.06 12 15 5
.06 10 13 29
.21 95 100 101
.33 129 71

,.

The fuels used in these tests were not full jet fuels but were possible
jet-fuel components that were selected to provide contrast in neutrali- .
zation numbers.

Additional data from the Texas Company and reference 45 indicate
little or no effect of napthenic acids on aluminum alloys. The effect
on msgnesium a~ears to %e marginal. If a free-water phase is present,
especially in the presence of metal couples, a severe attack on magnesium
and aluminum cm be expected (ref. 45).

In the investigations of references 46 and 47 it is concluded that
lead, cadmium-plated steel, copper, brass, and ztic are the umre suscep-
tible metals to fuel corrosion in comparison with tin, steel, black iron,
magnesium, and aluminum.

The results reporte”din reference 46 also indicate a relation be-
tween corrosion ad fuel neutralization nuniber,as shown in figwe 26.
In other studies the relation has not been found to be so we13.defined.
The air-well metal-strip corrosion test (Federal Test Method W-L-791d)
was used to determine the corrosion results in reference 47. .

.

.—— —
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Deterioration of Rubber I&terials

iii

Fuels may contain components that tend to promote the deterioration
of rubber materials in fuel systems end tanks. Variations in the concen-
trations of some components even for fuels procured under the same speci-
fication may cause difficulties. This fact was clearly demonstrated
shortly after World War II when low-aromatic aviation gasolines began to
appear in service, resulting in an epidemic of gasket leakage trouble.
This was due to the swel.Hng and shrinking of the gasket materials then
in use with chmging aromatic concentration. The Rubber Swell Index was
added to the gasoline specifications to control this fuel property. There
is no longer a gasket problem, and the index has been eliminated from the
fuel specifications.

Iater investigations (refs. 44 and 48) were conducted to evaluate
the influence of jet-fuel components onru%ber materials used in aircraft
construction. Reference 44 reports the effect of mercaptans on three
Buns N and three Thiokol synthetic rubbers. Buns N materials Rev. L,
Rev. N, and P-3 were stable in JP-3 fuels conta~ 0.005 percent mer-
Captan sulfur. Thiokol PR-1 and PST showed very slight detaioration in
the same fuel, whereas !I!hiokolFA-1 deteriorated in all fuels. When the
mercaptan concentrationwas increased to 0.05 percent, ‘lhiokolsPR-1 and
PST showed increased deterioration, while the Buns N rubbms re~ined
stable. These results were confirmed with the additional conclusion that
the concentration of particularly harmful mercaptan c~ounds would not
be sufficiently high to cause damage with JP-3 fuels if the total mercap-
tan su3fur content were limited to a maximum of 0.005 percent (ref. 48).

Low-Temperature Filtration

In earlier sections of this report the water-volubility character-
istics of fuels are described, and mention is made of gum content and
suspended foreign material that may be present from fuel handling pro-
cedures. The tistence of any of these materials, water, gum, rust, or
dirt, establishes the need for filter protection in fuel systems.

The presence of water in fuels is the aeatest problem confronting
the fuel-system designer at low-temperature conditions. Filters can be
clo~ed by ice crystals formed when the fuel is cooled in flight (ref.
21). The water may initially be present either in soltiion alone or in
solution plus a suspended water phase. Since fuels are often in contact
with water during processing and handling, it canbe assumed that nmst
fuels are near saturation. Fuels may also hold a suspended water phase
for several dsys (ref. 21); and it is probable that jet fuels, because of
higher densities and viscosities, may hold suspended water longer than do
aviation gasolines. Data reported in reference 49 show that filter icing
is no problem if the fuel contains no entrained or extraneous water.

— ——— — ——.—-—— ——— .——. . . -. —.——.— ---- —-—



44 NACA TN 3276

When fuel temperatures are reduced below 32° F, the water may freeze .
and clog filter elements. This water may (1) crystallize before contact
with the filter and be caught on the upstream face of the filter, (2) be
present as supercooled liquid droplets and turn to ice upon contact with .’
the filter element, or (3) pass through the element and freeze on other
downstreamparts of the fuel system.

There is at present no complete understanding of all the factors
contributing to filter icing; however, pertinent discussions me contained
in references 21 and 50 to 53. Some of the major factors contributing to 8
the rate at which ice will clog filters are the water content of the fuel, G
the temperature smd capacity of the filter element, the rate of cooling,
and the de~ee of supercooling.

There me several possible methods for reducing filter clogging.
Among these methods are filter scraping, fuel preheating, filter washing
with alcohol, and dual filter systems. These methods all.lead to ~eater
complexity of the fuel system. From the standpoint of fuel-system de-
signer, perhaps the most attractive method is the use of fuel additives.
Several laboratories have investigated the use of additives, and certain
additives have shown promise as freezing-point depressants and as auxil-
iary liquids for removal of water from filters.

Some of the ?mre promising additives have disaihmntages. For ex- .,

ample, the siiditionof 0.1 to 1.0 percent of low-molecular-weightalcohols
to the fuel will keep ice from forming (ref. 21); however, the alcohols
are readily extracted by water ad also greatly increase the capacity of
the fuel to pick up water. The use of alcohols, therefore, maybe effec-
tive only if added at the time of fueling, and this procedure is not con-
sidered practical in actual service operations. Another additive (not
available commercially)has been reported by the California Research
Corporation to be resistant to extraction by water. Other organizations
have also been active in this field, and it is conceivable that additives
will eventually be utilized to eliminate the problem of filter icing.

The problem of filter clogging has been approached in a unique way
by the Shell Development Company. It was decided that, since water is
often present in supercooled droplet form and solidifies upon strfling
the filter, the clogging of filters wouldbe reducedby making the filter
surface hydrophobic. Improvements in filterability were made by coating
the filter with surface-activeagents, or minute quantities of a surface-
active agent could be added to the fuel to reduce ice formation on other
psrts of the fuel system as well as on the filter. The possible success
of this method is dependent on finding an additive that will remati
soluble in the fuel at -76° F. ..

,.
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mnk Inerting

In the field of safety engine=ing it is often said that the mat
hazardouB fuel tank is an empty one. This expression is, of course,
based upon the fact that many accidents arise from the carelessness of
personnel in handling tanks that contain no liquid fuel. Even though
liquid fuel is not present, there is no assurace that fuel vapor is not
present. fir this reason, it should be recognized that the only safe
tank is one that contains no fuel in either vapor or liquid state.

The fuel-system designer must be concerned with tanks that are never
completely free of the flammability hazard. At all times fuel is present
in either the vapor or liquid state or both. Even the most volatile air-
craft fuels c= form flammable ndxtures under nonequilibrium vaporization
conditions, and the least volatile fuels can yield flammable mists from
the impact of an external force.

Since flammable mixtures are probably present throughout a major
part of the operating regime to which a fuel tank is subjected, the best
possible approach to reduction of the hazard is to eliminate or reduce
the flammability limits of the fuel-air mixture. No hydrocarbon-omen
inert tiure is flammable at o~gen concentrationsbelow about 10 percent
(ref. 54); therefore, control of the oxygen concentration to a level below
this value by inerting will yield nonflammable fuel systems. In refer-
ence 55, a proposed inerting system is described in which a 6-percent
concentration of oxygen is arbitrarily chosen as the limit to allow for
tank breathing and for release of dissolved air from the fuel.

The practical aspects of the inerting problem are beyond the scope
of this paper; however, numerous investigations have been conducted to
evaluate the merits of various proposed inerting systems. Many of the
pertinent references on these investigations are cited in reference 56.
In addition, a discussion of volubility of gases in fuels is presented
in an earlier portion of the present paper. This information, too, must
be considered in the application of inerting systems to aircraft.

Thermal Stability

The stability of aircraft fuels in storage has long been an i~ortant
factor. For this reason gum tests are used in the procurement specifica-
tions to ensure stability for long periods of time at nesr-aibient tem-
peratures. Of mwe recent concern is the stability of fuels at much
higher temperatures and for relatively short times. These temperatures
result from aerodynamic heating during supersonic flight and use of the
fuel as a heat sink. At the higher temperatures smalJ amounts of solids
are formed in the fuels, and these solids may inpair engine performance.
Operational trotiles from this source are now sporadic but will certainly
become more severe as flight speeds increase.

.—— ——- ——.- .—— --.—. .. —.———-
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Aerodynamic heating of aircraft structures and of fuel in tanks,
.

especially titegral tanks, becomes significantwhen flight speeds approach
Mach 2. The stagnation temperature, that is, the temperature of the air
film in contact with the aticraft, can be calculated from the following

.

equation:

(32)

where 8
G

Ta aubient temperature, ‘R

%tag stagnation temperature, OR

T ratio of

~r recovery

With assmtions

s-pecificheats, ~/%

factor (ne= 1)

of a recovery factor of O.9 and an a@ient temperature
of -67° F (3930 R), stagnation temperatures are shown for several Mach
nmibers in the following table:

Mach Stagnation
number temperature,

OF

o -67
1 -50
2 23-!5
3 570
4 1065

Various aspects of the thermal problems associated with high-speed f~ght

.

.

can be fo&d in a series of pap–&rsin the July, 1955, Tran-&ct~ons of the
ASME (refs. 57 to 65).

No experimental data are available on the rate at which fuels are
heated in fuel tanks during high-speed flight. ~S would obviously vary
with airframe and fuel-tank geometry; however, analytical studies have
been made in this field. One such analysis (ref. 66), based on a cylin-
drical integral fuselage tank, indicates that the fuel would reach a tem-
perature of 390° F in 3 hours of flight at ~ch 3 and an altitude of
90,000 feet provided the fuel was not allowed to evaporate. Reference
58 does not show final fuel temperatures but does show that aerodynamic
heating can cause a 20-percent boiloff fuel loss in a 3-hour flight at

.I

Mach 2 and 50,~0 feet. References 58, 66, and 67 all show that the aero-
dynamic heating of fuels cam be greatly reduced by using a small amount of -
insulation.

. _..
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While aerodynamic

47

heating will become increasingly important, a more
immediate thermal problem arises from the use of the fuel as a heat sink.
In many current turbojet en@nes the lubricant is cooled by heat exchange
with the fuel as the latter flows to the combustor. As a result, the
fuel may be heated to temperatures high enough to form small amounts of
insoluble products. These products may foul the lubricant-to-fuel ex-
changers, or they may clog atomizer screens md orifices. Pratt &
Whitney Aircraft have made a thorough study of the effect of fuel and op-
erating variables on the clogging of filters and nozzles. This work has
shown that fuel composition, temperature, and residence times are the vari-
ables that are important in the thermal degradation of fuels. Even though
fully meeting the current military specifications, fuels may vary widely in
their tendency to form filter-clogging solids. This is shown in filter-
clogging tests where one JP-4 fuel gave excessive pressure drop across
the filter in 3 hours of running time, while another JP-4 fuel gave
only negligible clogging in 10 hours at the same test conditions.
Moderate increases in temperature greatly increased filter clogging, and
fuels that were stable at 250° F were quite unstable at 300° F. In-
creases in residence time gave moderate increases in filter clogging.
-es in pressure were of little consequence, since most of the work in
this field is done at pressures sufficiently high to keep the fuel in the
liquid phase.

The extent of most chemical.reactions is dependent on both tempera-
ture and residence time; therefore, both must be stated to establish the
degree of reaction. This interdependence of temperature and time is shown
in figure 27 for two reactions, the cracking of naphtha and gas oil ad
the formation of gum in jet fuels. ‘The solid lines show the temperature
against time required for l-percent cracking as calculated from reference
68. The dotted Me is a relation that is believed to indicate, semi-
quantitatively at least, the conditions that will give troublesome amunts
of gum with current, good-quality jet fuels. The ener~ of activation
calculated for the dotted line is about 20 kilocalories per mole, which
is the same as that reported in reference 69 in studies on the storage
stability of rotor gasolines. The time scale in figure 27 runs from 5
seconds to over 1 year. Problems with gum formation may arise with good
jet fuels at any temperature-time condition above the dotted line. Fuels
with poor stability may give trouble at conditions well below this line.

Figure 27 shows that problems of thermal instability through gum
formation occur at temperatures 4C0° to 500° F below those required for
l-percent cracking. ‘lhisinstability of fuels at such comparatively
moderate temp=atures is due to the presence of very small ammunts of
minor nonhydrocarbon components in the fuels. References 70 and 71 show
that the removal of less than 1 percent of the fuel by chromatography
(i.e., percolation through silica gel) would geatly increase the stabil-
ity of the fuels. The materials reumved from the fuels in both cases
contained practically all the suEur, o~gen, and nitrogen compounds that

. -. —.... ..-. .—— .-
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were originally present. Dissolved oxygen may play an important role in .

fuel stability (ref. 72). For some fuels the removal of dissolved oxygen
greatly reduced their filter-clogging tendencies; however, for other
fuels the effect was slight.

Since the thermal instability of jet fuels may be largely attributed
to low c~ncentrations of minor components, these fuels could be improved
by refining processes that remove these components or convert them to
more stable compounds. Hydrogenation (ref. 73) and acid treating (ref.
74) have proven effective in this regard. Since some crude sources yield
stable fuels even without special processing, fuels meeting present re-
quiremetis can be made by using only selected stocks (ref. 74). The use
of inhibitors represents an inexpensive means of improving stabi13ty, and
fair success has been achieved in this direction in many instapces (refs.
71, 73, and 74). These inhibitors have been effective not in reducing
the amount of insoluble formed but in changing the physical nature of the
solids so that they are less prone to clog filters (refs. 74 and 75).
However, at the

f

resent state of the art, additives have not reduced ex-

-~ fofi~ ref. 75) and have not been uniformly successf~ in ti-
proving the stability of all fuels.

One of the biggest problems facing both the producers and users of
jet fuels is the evaluation of the thermal stability of these fuels.
M&my different laboratory test rigs have been used (refs. 70, 71, 72,

.

and 75), but there is little assurance that my of them till give com-
pletely satisfactory correlation with the performance of fuels in flight. .
The test rig that is now being most widely used is a prototype fuel sys-
tem in which the fuel is pumped through an electrically heated tube and
fi.lteredthrough a sintered stainless-steel disk. Filter-clogging
tendencies are rated from the rate of increase in pressure drop across
the disk; exchanger foulhg tendencies may be estimated from the appear-
ance of the heater tube titer each experiment. The rig is being coop-
eratively evaluated by the Coordinating Rese=ch Council. As now oper-
ated, this rig gives fairly good correlation with the results of one
engine fuel-system mockup (ref. 74); however, there is an occasional
complete lack of correlation with this mockup, and there is no assur-
ance that there will be any correlation with the fuel systems of other
engines. The rig is also moderately expensive and somewhat more cumber-
some to operate thsm would be destied for a routine,laboratory inspec-
tion test.

In general, the thermal stability of jet fuels appears to be the
biggest single fuel problem now being encountered. While the fuel is now
being used as a heat sink only to cool the engine lubricant, wider uses
are being discussed. For example, the fuel may serve as the heat sink
to cool the flight crew, the electronic gear, and the hydraulic systems
(refs. 57, 60, and 61). These additional heat loads plus the factor of
aerodynamic heating of the fuel in tanks will certainly increase the

.

severity of the thermal-stability problem.
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‘Vamor losses. - The
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Vapor and Entrainment Losses

problem of fuel vapor loss in aircrsft tanks at. —
altitude has been recognized for years, and reliable relations have been—
established for aviation gasolines to permit estimation of losses from
easily measured fuel properties. Unfortunately, these relations do not
provide an accurate prediction of the vapor losses encountered with heavier
fuels of the JP-3 and JP-4 types. Reference 76 reports that experimental
vapor losses with ~-3 fuels are slightly lower than those with aviation
gasolines of equivalent Reid vapor pressures. It is concluded in this
study (ref. 76) that of the existing equations for prediction of vapor
loss, the following best represents JI?-3fuel data:

where

z

Pa

PO,Ti

s

Tf

*1O

1

[

rfz

1 ‘O,T
z log++l (33)
= 4STi + 16TI0 - 0.02 Tlo (Ti - 560) a

weight percent loss

absolute ambient pressure in tank

true vapor pressure of fuel at initial fuel temperature (eq. (7))

slope of A.S.T-M. distillation curve at 10-percent-evaporated
point

initial fuel t~erature, ‘R

10-percent A.S.T.M. distillation temperature, ‘R

In order to simplify the use of equation (33), the bracketed term
has been calculated for various values Of Tlo and S at = mtial

fuel temperature of 1.1OOF. The results are shown in figure 28 which,
together with figure 29, indicates the losses that might be expected at
1.1.OOF for different JP-3 fuels. The value of the true vapor pressure

Po,t on the abscissa of figure 29 H be approximated from figures 6

and 7.

Although equation (33) might be used to approximate vapor losses for
JT-4 fuels, more accurate estimates maybe made from results of vapor-
10SS studies reported in reference 12. These investigationswere con-
ducted by Thompson ~oducts Incorporated for the Coordinating Research
Council. The loss data obtained are compiled in figure 30 and are corre-
lated with a volatility factor, which is determined from the A.S.T.M.
distillation curve for w given fuel. The volatility factor is the sum

—..————. ——- .—..——- ..__



50 NACA TN 3276

of the volume average boiling point and the ‘temperatureat points on the L

A.S.T.M. distillation curve up to 10-percent evaporated; consequently,
the chsrt represents the coribinationof fuel temperature and tank pressure
(vented tanks) that will maintati losses to a maximum of 10 percent. “

In order to demonstrate the use of figure 30, assume that it is
desired to estimate the tank pressurization required to maintain losses
at a -mum of 10 percent at various fuel temperatures. For this ex-
ample, the average-quality JP-4 fuel shown in figure 4(c) was used. The
volume average boiling point for this fuel is 320° F (table IX), and the
10-p= cent-evaporatedpoint is 215° F (fig. 4(c)). The volatility factor %

is the sum of these two values, 535. A horizontal line drawn on figure $

30 indicates the press~e-temperature conditions that will hold the vapor
loss at 10 percent. If it were desired to determine the pressure-
temperature combinations that would maintain losses at 5 or 1 percent,
the volatility factors would be estimated by adding the volume average
boiling point to the 5- or l-percent-evaporatedpoints from figure 4(c).

Entrainment losses. - At low rate of clinib,fuel losses occur by the
process of evaporation, and such losses may be predicted as described in
the preceding section. At high rates of cliti evaporation losses still
occur, but an additional loss results from entrainment of liquid fuel.
Entrainment results from the rapid release of fuel vapor amd air from the
fuel, and the vigorous fosming thus produced carries liquid fuel out of
the tank vent. ‘The problem of fuel entrainment losses has been under
study for several yesrs, but no satisfactory methods for prediction of
such losses have been devised.

.

Entrainment losses may be quite high depending upon several factors
such as vent size, fuel depth in the tank, and fuel composition. Studies
have indicated losses as high as 60 percent for JT-3 fuels.

Investigations (refs. 77 and 78) have been conducted to determine
methods by which entrainment losses might be eliminated; no completely
satisfactory solution has been found. The use of additives has been
studied as well as ground-cooling of fuel and redesign of tank vents.
The NACA has conducted a limited investigation to show the effect of vent
size and various baffle arrangements within the vent on total fuel lost in
simulated flight. The results are shown in figure 31 where the total fuel
loss during simulated flight is plotted against the maximum pressure differ-
ential across the vent that is encountered at any th during the flight.
This figure ~ows that the effect of the various bsffle arrangements and
vent sizes is simply to increase the =mum pressure differential. The
higher the pressure differential the lower the fuel loss will be. .

Previous investigationshave indicated that perhaps the most promis-
ing method for elimination or reduction of entrainment losses is tank
pressurization. Studies have shown (ref. 79) that tank pressurization to -
0.2 pound per square inch would virtually eliminate entrainment losses
for a fuel with a Reid vapor pressure of 2 pounds per square inch.

-— . . — .. —. ..—. —
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For additional information on the subject of fuel vaporization snd
entrainment losses, the reader is referred to references 2, 76, 79, amd
80.

CONCLUDING KEMARE3

The primsry objective of this report is to collect available fuel
data useful to the fuel-system designer; therefore, the original contri-
butions of the report are rather limited. Perhaps the most important
contribution is the survey of jet fuels, which shows clearly the range of
vsriation in fuel properties the designer must consider in fuel-system
problems. The effects of external influences such as pressure aud tem-
perature on many of these properties are illustrated. In addition, an
effort is made to indicate adequate methods by which some easily measured
fuel properties maybe used to predict other properties more difficult
to determine by laboratory measurement.

Tables, charts, and equations are included to assist the designer,
but it should be recognized that much of this information is empirical
and as such should be used with discretion. In addition, mamy fuel prop-
erties are discussed only briefly and generally, since specific data are
not available. These cases obviously represent areas where further in-
vestigation would be helpful to the designer.

Each subject treated i.nthis study has been condensed to yield what
is believed to be the ust useful of the existing data rela.tedto fuel-
system design. It is recognized, however, that in many problems a broader
treatment of a given subject may be required. For this reason the in-
clusion of references is deliberately liberal in order to provide the
reader additional sources of information.

Lewis Flight Propulsion Laboratory
National Advisory Committee for

Cleveland, Ohioj March 27,
Aeronautics
1956
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AIRCRAFT.FUEL

APPENDIX

.
SPECD?ICATIONS, THEIR

A
.

SIGI%CFICANCE,AND DEVELOPMENT

Control of chemical composition and physical properties of aircraft
fuels is required to promote aircraft performance and reliability. ‘Ibis
control is exercised through the militsry procurement specfiications
listed in table I. These specifications include restrictions on chemi-
cal composition, physical properties, and combustion properties. Con-
formance with these restrictions is controlled by fuel inspections made
by prescribed test methods. The military fuel specificationsrequire
that tests be run in accordance with the procedures given in the Federal
Test Method W-L-791. These methods =e for the most part identical to
A.S.T.M. procedures.

8J
w

Chemical Composition

Major hydrocsxbon classes. - JMrcraft fuels are almost entirely made
up of paraffin, cycloparaffin, aromatic, and olefin hydrocarbons. The
paraffins and cycloparafYins sre stiilar in most properties and me often
classed together as “saturates.” The aromatics and olefins each have dis-
tinctive properties, and the determination of each is requtied in mili-
tary fuel specifications. The determination of the saturates is not re-
quired but can be estimated by the difference between lCQ percent and the -
sum of the aromtics and olefins.

The aromatics sxe more strongly adsorbed on silica gel than we the
other hydrocarbon classes, and this property is the basis for their deter-
minantion. The test W-L-791e-3703 or the A.S.T.M. Proposed Method of
Test for Hydrocarbon Types in Jet Propulsion Fuels by the Fluorescent-
Indicator Atiorption (FIA) Method is made by forcing a small sample down
through a column of fine-silica gel contained in a long, small-timtery
glass tube. The szomatics are concentrated in the upper zone of the col-
umn, and the length of this aromatic-wet silica gel divided by the total
length of fuel-wet gel gives the fraction of aromatics in the sample.
The length of the aromatic-wet segment is determined by use of ultraviolet
light and a fluorescent indicator, Ttich stays @th the ~omatic compo-
nents of the fuel.

Aromatic concentration is of interest since these compounds have a
greater tendency to form smoke and combustor coke than have the other
common classes of hytiocarbons. The earlier jet-fuel specificationsat-
tempted to control these combustion characteristics only through limit-

.

ing the aromatic concentration,but more recent spec~icatio~ have in-
cluded other combustion-controltests. These will be discussed later.
Aromatics are currently limited to a maximum of 20 volume percent for

.

JT’-lfuel and 25 volume percent for JT-3, JP-4, and JP-5 fuels.

—
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Olefins are less strongly adsorbed on silica gel than axe aromatics
but more strongly adsorbed than saturates. Thereforej in the FIA method
(VVL-791-3703)they appear as a middle zone and can be determined in the
same way as aromatics. Olefins can also be estimated from their bromine
number (WL-791-3701 and A.S.T.M. D-1158) since they are the ouly class
of hydrocarbgms that react easily with bromine. The relation between
bromine number and percent olefin is given by

percent Olefin . Bromine numberxluolecularweight ‘
160

No significant amounts of olefins are found in Wgin (i.e., untracked)
fuels, but large amounts are formed in cracking processes. Cracked fuels
may contain over 50 percent olefins. !lbebromine-number procedure is not
completely specific tcxrardsolefins (see the appendix to A.S.T.M. D-lJ.58);
therefore, jet fuels may have bromine numbers of 1 to 3 even in the ab-
sence of olefins.

A bromine-number maximum was included in the earlier jet-fuel speci-
fications, not because olefins were undesirable components, but because
olefins were often accompanied by very small amounts of reactive diolefins.
These latter compounds tend to form gum in storage. For awhile there was
a tendency to minimize the importance of the bromine number; however, the
most recent specification {MIL-F-5624C)places a maximum of 5 percent on
the olefin content. This limit requties that jet fuels either be made from
nearly virgin stocks or that they be treated to remove excess olefins.

Minor components. - The concentrations of several minor components
are limited, either directly or indirectly, since these are known or be-
lieved to ~versely affect aircraft perfo=nce and reliability. These
components include: (1) sulfur compounds, (2) gum and gum-forming com-
pounds, (3) water-soluble components, and (4) so~um-contai~ng COmPO~dS..

It is previously indicated that a variety of sulfur compounds may be
present in aircraft fuels in small concentrations. Many of these are in-
nocuous; but two types, mercaptan sulfur and free s~ur~ me closelY
restricted by the specflications. Total sulfur is also restricted but at
a higher concentration level.

Total sulfur is determined by burning the fuel and measuring the
amount of sulfur oxides that are formed. The fuel is burned in a lamp
(W-L-791 5201.5 or A.S.T.M. D90), and the oxides determined either volu-
metrically or ~avimetrically. It is believed that, in jet fuels, total
stiur is objectionable only in that the oxides formed during combustion
may have some tendency to corrode hot engine parts. Total sulfur up to
0.4 percent is permitted in the current specifications;this value is suf-
ficiently high to permit practically all refinery-produced fuels to pass
the specificationwithout special treatment for sulfur remval.

—.—. —— ,—— .._—..
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Mercaptans
slightly acidic
ing a sample of
pinch of sulfur

are a particular type of organic sulfur ccmpound with
.

properties. They can be qualitatively detected by shak-
fuel with sodium plumbite reagent followed by adding a
@VL-791-5203. 2 or A.S.T.M. D484) or quantitatively de- “

termined by titration with standard silver nitrate solution (VVL-791-5204
or A.S.T.M. D-1219). The former is called the “doctor test,” and a fuel
that is “doctor sweet” has a mercaptan concentrateion sufficiently low to
very easily pass the specfiications. Mercaptans have notoriously foul
odors and also attack cadmium plate and some types of synthetic rubber.
For these reasons, they are limited to a maximum concentrateion of 0.005
percent mercaptan sulfur in the current fuel spectiications.

llkeesulfur present in fuels corrodes copper. This property is the
basis of the test (VVL-791-5313or A.S.T.M. 13-130)in which a polished
copper strip is suspended in the fuel for 3 hours at 212° F. Only a
slight tarnish is permitted. The test is sensitive to very small but un-
known concentrations of free sulfur and is included in the fuel speci5?ica-
tims to protect fuel systems.

Gums are resinous, nonvolatile components and axe permitted only in
trace smounts. Concentrations are expressed in terms of milligrams per
100 milliliters or roughly thousandths of a percent. The aircraft fuel
specifications require the determination of both existent gum, that is,
gum already present, and of potential gum, that is, gum in the fuel after
an accelerated aging test. The gum is determined in either case by evap-
orating samples to dryness under a jet of superheated (450°F) steam and
measuring the weight of residue (VVL-791-3302.3or A.S.T.M. D-381). Ex-
istent gum is determined in the sample as received and potential gum after
the fuel has been artificially agedby holding for 16 hours at 212° F under
an o~gen pressure of 100 pounds per squsre inch (VVL-791-3354.3or
A.S.T.M. D-873-49). The current JP spec~ications limit the existent gum
to 7 milligrams per 100 milliliters and the potential gum to 14 milligrams
per 100 milliliters. These l~ts have been set to ensure that fuel,
either fresh or aged, does not contain appreciable quantities of materials
that will foul fuel-system components or deposit in the vaporizer tubes of
vaporizing combustors. The accelerated aging test is believed to be equiv-
alent to storing a fuel in drums for 1 to 2 yesxs in the desert. Gum by
either test may be soluble or insoluble; presumably the insoluble gum is
more objectionable as to its effect on fuel-system components. However,
the current spectf’icationsdo not ~ferentiate between.these two, and
only total gum is measured.

The water-tolerance test has been a part of aviation-fuel specifica-
tions for some time and is used to exclude water-soluble components (such
as alcohols) from such fuels. The test is made by shaking 80 milliliters
of fuel and 20 milliliters of water in a graduated cylinder and observiog
the volumes of each phase after settling (VVL-791-3251.4or A.S.T.M.
D1094). No more than 0.5 milliliter change in the fuel volume is per-
mitted. This test has been amended to require that no scum or suspended

.
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matter be formed at the fuel-water interface. This change was made be-
cause it was found that fuels which gave filter fouling in service usual-
ly showed a scum or lace at the interface. This scum is believed to be
due to the presence of trace amounts of sodium soaps that may be responsi-
ble for filter clogging. Objections have been raised to the amended test,
since some potentidly attractive additives will form scum even though
they do not cause filter clogging. However, the scum test remains as an
interim control untU a more direct measurement of the filter-clogging
tendency of fuels is developed.

Physical Ilcoperties

Volatility. - The volatility of aircraft fuels is measured and con-
trolled through distillation and either Reid vapor pressure or flash
point. Distillation gives data indicative of the over-all volatility of
the fuel, while the other two tests measure the initial tendency of the
fuel to vaporize. The volatility specifications for aircraft fuels have
been established with consideration of both engine and a~ame require-
ments and of availability. It is believed that highest engine perform-
ance could be obtained with engines designed for and run on high-
volatility fuels. Such fuels would, however, require tank pressurization
with airframe penalties which would more than overbalance the gains in
engine performance. The design of the airframe fuel system would be eased
by the use of fuels of low volatility; however, this would complicate en-
gine design. Fuels of very low volatility might also have objectionably
high viscosities and freezing points. Therefore, the specified fuel vol-
atilities are a compromise between engine and airframe requirements with
full consideration for availability, since the petroleum industry cannot
supply large quantities of narrow-boiling-rangefuels.

Distillations are run with 100 milliliters of fuel in a clQsely pre-
scribed apparatus and at a carefully controlled rate. Vapor temperatures
are recorded for vsrious Ercentages distilled {VVL-791-1OO1.7or A.S.T.M.
D-86)● Since the distillation is run in a relatively simple apparatus
and with a small degree of fractionation, the resulting data do not di-
rectly give much of the information that would be useful. For example,
this distillation does not give the fuel temperature for initial boil-
ing, does not isolate any of the fuel components or indicate their boil-
ing point, and does not give the true final boiling point of the fuel.
However, the distillation has been run in substantially the same manner
since 1921 and, because of its reproducibility and many years of wide usage
has developed into a most significant test. Many empirical correlations
have been developed relating distillation to a vsriety of fuel properties
and to engine performance.

The current jet-fuel specifications control the distillation 20-
percent, 90-percent, and final boiling points (table 1). Maximums are
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set at the 20-percent point to eltiinate “dumbbell” fuels, that i~, fuels -
blended from stocks of widely ~fering volatility. The 90-percent and
final-boiling-point limits are to control the concentrations of high-
boiling materials, which might present problems in regard to engine

.

performance.

The front end of the distillation curve gives some measure of the
initial tendency for a fuel to vaporize; however, this tendency can be
more precisely evaluated from either the Reid vapor pressure or the flash

Epoint of the fuel. The Reid vapor pressure is determined in a bomb in
which 1 volume of fuel and 4 volumes of air sre sealed,off and raised to E

100°F (WL-791-1201.4 and A.S.T.M. D-323). This pressure, in pounds per
square inch absoltie, is the vapor pressure of a partially air-saturated
fuel at a vapor-liquid ratio of 4. The Reid vapor pressure of a fuel is
slightly less than the true vapor pressure at 100° F but usually @thin
10 percent. The spectiications require JP-3 fuel to have a Reid vapor
pressure of 5 to 7 pounds per square inch and JT-4 fuel a Reid-vapor pres-
sure of 2 to 3 pounds per square inch (table I). The higher values of
these limits were set to control the pressure developed in fuel tanka and
the losses that may result in flight. The lower limits ensure that fuels
have sufficient volatility for engine starting. As previously mentioned,
the airframe and engine have conflicting requirements as to volatility,
and narrow ranges of Reid vapor pressure are specified to facilitate the
deSi@ of both. “

Reid vapor pressure is not specified for JT’-land JT-5 fuels, but in ,
ita place there is a flash-point reqtiement. The Reid vapor pressure
would be well below 1 pound per square inch for both types of fuel, and
the flash point provides a more sensitive indication of the initial.tend-
ency of these fuels to vaporize. The flash point is the temperature to
which a fuel must be heatedt~ generate sufficient vapor to form a flam-
mable mbdmre. Several methods have been used for this determination,
but the one required for aticraft fuels is the Tag closed-cup procedure.
In this procedure, the sample is slowly heated in a closed container and
a small flame periodically tiected through a port therein until the
lowest temperate is found at which the vapors will ignite (VVL-791-
1101.4 or A.S.T.M. D-56). For aircrsi% ?uelsj this temperature is also
the temperature at which the fuels will have a vapor pressure of approxi-
mately 10 millimeters of mercury. Minimum flash points of 110° and 140°
F are spectiied for Jl?-1and JP-5 fuels, respectively (table I), these
limits having been set to minimize the explosive hazardE in bulk storage.
As shown in an earlier section of this report, these fuel-astill present
flammability hazards at altitude and in combat.

Liquid properties. - The physical properties, other than volatility, “
that me limitedby the aircraft fuel specifications are gravity, vis-
cosity, and freez5mg point. These are not independentlyvariable proper- . ‘
ties since, for hydrocarbons and especially for conventional fuels from
petroleum, fuels can have only narrow ranges of gravity, fiscosity, and
freezing point for a given volatility.



NACA TN 3276 57

m

ill

Gravity is determined tith a hydrometer @VL-791-401.3 or A.S.T.M.
D-287) either at 60° F or corrected to this temperature by use of tables.
Gravity is expressed in ‘AH, and specific gravity can be determined from
API gavity {fig. 1). For a single grade of aircraft fuel (JT-4, e.g.)
the greatest possible range of gravity from extremes of crude sources and
refinery processing would be about 12° API. This is equivalent to varia-
tions in specific gravity of about A3 percent of the midvalue.

Kinematic viscoSity is determinedly timing the rate of fuel flow
through a capillary under a gravity head and at controlled temperatures
(VVL-791-305.2or A.S.T.M. D-445). The results sre usually expressed in
centistokes (centistoke= 0.01 stoke). H the driving force through the
capiltiy is a pressure rather than a gravity head, then absolute viscos-
ity is determined; this has the unit of poise or centipoise (0.01 poise).
Stokes can be convertedto poises by multiplying by the density of the
fuel at the temperature of the test.

Viscosities vary more widely than do ~avities for a given grade of
fuel. Maxima of 10 (-40° F) and 16.5

[

-300 F) Centistokes ~ve been set

for JT-1 and%P-5 fuels, respectively table I). These limits were estab-
listid because the presmme drop through fuel systems increases with in-
creasing viscosity, and an attempt was made to eliminate fuels of very “
high viscosities.

The freezing point is the temperature at which crystals are first
formed upon slowly cooling a fuel (VVL-791-141.l.3or A.S.T.M. D-91O).
The specificationsrequire a freezing poiritof -76° F or below for all
aviation fuels except JT-5, for which -40° F is permitted (table I).
The reasons for specifying a maximum freezing point are obvious, but the
required limits ary sometimes questioned. The British require only a
-400 F freezing point in jet fuels. The current freezing-point require-
ment is one of the more difficult specificationsfor
meet, especially for less volatile fuels of the JT-1

Couibustim Properties

!IWQcombustion properties are controlled in the

some refineries
and JP-5 types.

to

current specifica-
tions; these are the heats of combustion and the carbon-farmingtendencies
of fuels. Heats of combustion are measured either directly or indirect-
ly through correlations with other properties. Carbon-forming-tendencies
are controlled through a combination of volatility and a lamp test. These
specifications are discussed below.

Heat of combustion. - Minimum values for the net, or lower, heats of
combustion sxe required in the aviation fuel specfiications. The net heat,
is the amount of heat released when liquid fuel is burnedto yield gas-
phase water and carbon dioxide. F@erimental measurement is made by
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burning about 1 gram of sample in a bomb under 25 to 40 atmospheres of .

oxygen and measuring the temperature rise in a calorimeter (VVL-791-
2502.3 or A.S.T.M. D-240). This procedure requires carefully controlled -
experiments and calibration and, when properly run by skilled personnel,
is reproducible to about 60 Btu per pound. Howeverj reproducibilities
of this Order are not easily obtained; therefore, the specificationsper-
mit this determination to be waived, and in its place require that fuels
meet a minimum aniline-gravity product. The aniline-gravityproduct is
the product of the aniline point in OF and the gravity in oAPI; and, as E
previously shown, a quite precise correlation exists between it and heats
of combustion. The aniline point is the lowest temperat~e at which a

q

1:1 blend of fuel and aniline is miscible. This point is easily deter-
mined (VVL-791-3601.3or A.S.T.M. D-611).

While the maximum possible range of heating values that can be ob-
tainedfcr hydrocarbon fuels is quite small.,the extreme importance of
getting the most available heat into a fuel tank has resulted in minimum
heating-value specifications. These require that JP-4 fuel have a mini-
mum net heat of 18,400 Btu per pound or a minimum aniline-gravityproduct
of 5250 and that Jl?-5fuel hsve minimums of 18,300 Btu per pound or 4500
aniline-gravity product (table I).

Carbon-forming tendencies. - Jet fuels, otherwise meeting fuel spec-
ifications, can vary widely in their tendency to form smoke and combustor “
coke. For-this reason, a burning quality test has been added to the
specifications in the form of the swke point. The smoke point is the
maximum height, in millimeters, at which a fuel can be burned in a stand-
ard wick lamp without smoking (VVL-791-2107). Clean-burning fuels have
high smoke points, and fuels with high carbon-forming tendencies have low
smoke points. A minimum smoke point of 20 millimeters is specified for
JT-5 fuel (table I). For J2?-4fuels, the correlation between combustw
coke and a combined function of smoke point and volatility is better than
the correlation with smke point alone. This function is called the smoke-
volatility index (sVI) and is defined as

WI ~ smoke point, umI+ 0.42 (percentboiling point below 400° F in

A.S.T.M. distillation)

Aminimum SVI of 54 is required-for JT-3 andJT-4 fuels (table I).

.— .— -.
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ACCURACY OF SEVERAL CORRELATING METHODS
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B-1 Specific Gravity as Function of Temperature

Specific gravities to 450° F and inspection data for eight fuels have
been determined (ref. 12]. These experimental data were compsred for four
fuels with the specific gravities calculated by the methods of references
1, 8, and 11 and the simple linear equation (4) of this report. The pro-
cedures of references 9 and 10 could not be checked because both require
viscosity data that were not available. The experimental and calculated
results are shown in figure 32. The deviations of the several methods are
shown in figure 33. It ap’pearsthat, over the temperature range covered,
there is little ~ference in accuracy among the several msthods. All
appear accurate within about 2 @rcent. Equation (4) is mme easily ap-
plied and can be recommended for this reason alone up to 4000 l?. At higher
temperatures this equation yields systematicallyhigh results; consequent-
ly, one of the other methods should be used. Which of these is preferable
is not known.

B-2 Reid Vapor Pressures of Blends

A simple linear relation appears to hold between the Reid vapor pres-
sures of blends and the fraction of each component in the blend (eq. (6)
of this report). ~is is shown in figure 34(a) by NACA data for several
blends of aviation gasoline components. It is further shown in fi~e
34(b) (NACA data) for heavier stocks such as JT-1, JT-3, and JT-4 fuels
and for a l-pound stock made by cutting the light ends-from a W-3 fuel.
The deviations from a straight line sre usually within the limits of ex-
perimental measurement.

B-3 Accuracy of Equations (10) and (12) in Estimating

Vapor Pressures of JT-4 Fuels

Although equations (10) and (12) were derived from data
their use for JP-4 fuels appears justified on the basis of a

hue

for gasolines,
few experi-

ments in NACA laboratories. In these rather cursory tests, the vapor pres-
sures of three JT-4 fuels were measured at three temperatures in a Reid
vapor-pressure bomb (v/2 =4). The results were correctedto a v/Z ratio
of zero using equation (15) and are compared in the following table with
calculated values:

—. . . .——- .-.--—. ———— --.—— --- ~—— -...—— ———- —. --–- -—— --—
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Temp:yture, Vapor pressure, lb/sq in.
1

.
.

100
MO
190
200

Slope

Observed

3.2
7.4

----

14.6

= 12.3 Slope = 7.6 Slope = 3.9

Calculated Observed Calculated Observed Calculated
.,

3.6 3.0 3.1 2.8 2.9
7.1 6.9 6.7 6.5 6.7
---- ---- ---- 11.1 12.1
13.0 14.3 13.1

Two of the JT-4 fuels used in these tests were selected because of %
theti unusually high 10-percent-point slopes compared to most gasoline-
type fuels.

8
An examination of numerous fuel-inspection sheets indicates

that the slopes for gasolines vary up to a maximum of 4, whereas JP-3
fuels vary up to 6 and JP-4 fuels have slopes as high as 12.

B-4 Correlation of Gas-Volubility Data

Reference 25 lists Ostwald coefficients for several gases in a varie-
ty of solvents and often over a range of temperatures. Inspection of
these data showed that, at constant temperature, the coefficient increases
with a decrease in the specific gravity of the fuel and also that, for a
given fuel, the coefficient increases with increase in temperature. Since
for a given fuel specific gravity decreases with increasing temperature,
it appeared that the Ostwald coefficient might be relatedto the spectiic
gravity of the solvent at the temperature at which the volubility is being
determined. By so doing, the influence on volubility both of varying the
fuel specific gravity at constant temperature and of varying temperature
for a single fuel might be covered. Accordingly, Ostwald coefficients
were plotted against the spectiic gravity of the fuels and lubricants at
the temperature of solution using eqution (4) to esthate these gravities
at the different temperatures. These plots are shown for oxygen, nitrogen,
and ah in figure 35. The points shown are all for petroleum fractions;
the pure-hydrocarbon data gave a greater scatter. The straight lines from
figure 35 along with equation (4) were then used to calculate the effect
of 60° F specific gravity and temperature on gas volubility as shown in
figure 12. The accuracy of the correlations given in figure 12 may be
estimated by the scatter of tits from the lines drawn in figure 35.

B-5 Effect of Varying Initial Temperature on Heat of Combustion

The effect of varying temperature on heats of combustion can be cal-
culated from the difference between the heat content of the reactants and
the heat content of the products as the temperature is raised from the
reference value to higher values. This difference is small compared to .

the heats of combustion of fuels. Data sufficiently precise for this
calculation are available only for pure hydrocarbons.
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In order to K1.lust=te the magnitude of the effect of temperature,
heats of combustion were calculated over a temperature range from 77° to
1000° F for isooctane (2,2,4-trimethylpentane)and benzene using data
from reference 19. Over this temperature range the maximum difference
in heating value is about 45 Btu per pound for isooctane and 15 Btu per
pound for benzene as shown in figure 36. These Mferences are within
the accuracies usually obtained in the experimental determination of this
property.
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‘API
Vicooaity, oenttito!wn

+-N F
-400 B

Smoke-volatility index
*k9 pail-lb,m
Fla8h paint, %
ExplOeivnnean, paroent

46 to 57---------- ---—--—- ----——- ---------- ----------

le.s(mx)
--—----- I----------

--------
----—----
-----—--
------—--

---—-----
-----------
-- —-----
-- —-----
—-------
----------,

----------
1O.O(B8X)
-—----.--
----—----
llO(min)
-—-----

.-----—
-----_--
54.O(mln)
-—-.----
---------
---.----

—---——
--------
54.o(mn)

---------
-------—
---------
--------—
--------

—--------
---------
-——---
-------- 1

---------
#%J

-----——
---———

aOotmtm number.

. .

t
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T#BLE II. - ~OWOU131CAL IEV2UPLWTT 0P JP-4 9PF41PICMWJd

Jm., 1947 ran, 26, 19Ea *y as, 1951Mte 000. 7, 19E3

HIL-B-56242

may 18, 195

HIL-F-6E24

)00. 1.2,1947 b. 30, 1949

menChlgmtifm

Old da9i21mtim

mel ~ede

A.s.T.14.dietillatiim R3E-S2, %
Per0entW44BvqWrat&

n

MII,-F-6E24A

An-P-58

JP-3

An-P-e-se

JP-S

AM-F-sea

n-~ JP-3 JP-4FmPo8ti JP- JP-4 JP-4

25a(Elx)
-------.
--------

----.--- --------
--------

--------

H
270 ~
S70 mm
470 m
--_.-_-

-. -—---

H
290Rx
370W

470 m
--------

M=)

--—--- -- —---
--------

H
425 tin
6W max.
1.6 muz
1.6 Max

--------
-------- --------

H
403 min

em MX
1.5 u
1.5 max

--------

H
4CQ min
EGO ■ u
1.5m
1.s 8ax

-----—-

H
4W ❑ ln
Em -
1.5 -
1.5 m

90
End pint
Re8idue, peiwent
Imas, pmm+lt

--------
550 to Em

--------

II
Ssom.x
1.5 -
1.6 roax

--------
--.-----

-76(U)
5.0 bO e.o
so(m)

-78(mx)
5.0 to 7.0

j]
33E=X
14 -
0. (mm)
-_.-----

Ld!

10.0 Mx
20.0 ■ ■

1!3,2 ( n)

-76(w)
5.0 to 7,0

~1
26 m
mm
0+ (MU)
--------

~1
10.0 MU.
20.0 W
18, (rein)

-76(MX
\6.0 to .0

H

25 UIX
:0

------.-

ij~]n)
,

-76(MX)
2,0 to 3.0

$%~,

o, (M3X)

W

10.0 Ulx
20.0 w
18,4 ( n)
-—--------

i
-76(MX
2.0 *O .0
25(w)

-----_.- --------
o.4(mx)

)

Wg&&n)
18,
fi,zw(tin)

O.s(uu)

--------- -— —-----

0.728 to
0.U2
mt046

0.728 to
0.E?32

J.798 to
),em

0,769 to
0.202

0.7s1 to
o.@J2
57t045

----—--- . —- ——-—

---—---- 6stou 33 to A5 5.5to 45--—--—-—

:::[%1----------
10.O(UX)
---—-----
—-——-

--- —--
-—--—

.—-—--

.-----—
.-—----
.-------
.------

------
---_—-
!54.o(drJ

—------
.-----_-
S4.o(ti)

-----

m
(n



70 NACA TN 3276

.

TABLE m. - PROPERTIESCIFTYPICALJl?-5SIXXXSANDA l15@5 AVIATION

GAsoLItiElwosmxALBImDsoFTHEsE COMKmmTs

L.S.T.M.distillation,B86-52,%
Percentageevqorated
Initialpoint

5
10
20
30
40
50
60
70
80
90

Endpoint

?reezingpoint,OF
Xeidvaporpressure,lbisqin.
hmratics, percentby volume
Eydrogen-carbonratio
Eeatof combustion,Btu/lh
lniline-gratitypmauct
lravlty,6@/600F
*ctiic
‘API

?lashpoint,OF

T
L15/145JP-5

sample

aA

116 360
132 373
141 382
l!% 399
167 408
181 419
188 42?3
209 439
219 449
231 459
248 473
327 502

<-76 -48
6.2 ---
0.5 14.3

0.190 0.160
19,07018,600
------ 6,271

0.693 0.815
73 42.2

----- 140

L/3By volm
L15/145ma
/23 by volume
JP-5A

136
166
191
237
al
351
396
418
431
445
463
496

-66
2.7
10.0
0.169
18,750
7,661

0.777
50.7
-=-30

m-s
mmple

%

357
371
375
385
393
402
411
421
433
448
464
502

---
---
14.0
0.L56
-----
-----

0.808
43.5

L/4By VOl~
u5/145and.
5/4by Volum
E’-5B

142
192
230
289
338
371
394
407
420
436
457
499

-60
2.0
13.4
0.164
18,670
6,925

0.785
48.7

%u@es of JP-5fuelused In the aboveblendsHfered slightly.

.

—.



C8rbm
Peai-
dne m
lo-
pwoant

bott-,
Pera.ar-t,

Cnlm

Pw.r
pcirlt,
‘%,
mOxi-
mm

Flaah
p tit
4
mlnl-
Um

Unter

medi -

m*nt,

per-

oent

b~
vOllnM ,

m&alIUJ

Traoe

0.10

O!EO

1.W

2.00

Anh, par

oant by

Height,

ma7l-

Lmlm

F.immSbi
Oultint

imoaaity,

e, at -

1220 F

Orwp tg,

mimi’-
mlm

:onwsim

it 12P F
(&)o @

-
eO-POrom

point,

End

pat

m

lo-PerOmi
point,
maximlcl

100° F

w
D.lrO

2,:

4.3

2S.4

----

---

lit-d Uini
m rum

Lm

.

P8.S#

----

100 m

legal

Km al

legal

1.3Jcu
legal

Uo or

le~

I.Lw

o

%3

m

-—

---

0.15

0.S6

----

----

----

8Q5

---

---

---

---

1,,

----

5.E

52.1

----

—

35

28

--

--

--

---- -—

876

---

---

---

---

---

---

81

C-2

--

--

--

--

92

-—. ---

t

An oil far tunler in-

stGlati0n9 not

‘ ewipwd hith PrO-
eabiu2 faoilitim

0.10

0,10

---

---

-—-

-—-L
A reslddal-~e oil

forburner fnOtaJ.la-
tim w~a with

tinting raoiliues

I

/h oil fm um in

iEz5iz-
A. S.T.H, D39B-48T,
Becauna of W M00a61ty foi. lw-aulfw ~ol oiln wed in aanmotlan Wibh heat treatint, nmfem.- MM, glnnm, and oei%mio fu.nnoen,

upecial uom, a sulfur req.&.ment w be apeoifid in Mam..fmae with tha follmtig table! and other

--— --- ----

—

m
I

I I
Other Bulfur llnritsq he Oimoiried

9 b’ ‘-* % Met any I.Bwirm.nt ., n givan gm.d* ,M. ..3,raltmB.tioulJ plaam WI oil in the n8.rtOIti id tho Antent of time olannifioatimd hat failure
a OG.Imnbbetwaan the pi-ohmer and ths 8*11oP.

lWU. gmdO tmlem in rub it moto all req.m.emnti of the lomr SJ.FJda.
%m. w? hi#OT PW @ilW MY be Breotiied whenevar raquired by omditimm of atawge cm uaej hcwevu., tbme mpoifioatim shell not require

a pan. p nt lwer Ch.m 0° F undu. any oonditimn,
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TMiXZ V. - Tll?ICAL~PEOTION lM!lMFOR D-F-5616 (JP-1)m

8emple A B c D E F G H I J

.4.S.!l?.M. UstUlationD86-5Z, OF

PercentMe ev.9porat&

Initial point 353 346 320 323 338 336 326 310 320 320

10 366 360 334 333 362 365 354 320 334 346

20 “-. “.. --- 336 366 360 340 322 340 ---

50 -- --- --- 342 369 365 344 326 % ---

40 --- --- --- 347 373 370 348 328 350 ---
50 3s 384 352 351 377 375 352 332 355 383

60 --- -- --- 357 381 ml 362 336 361 ---

70 -- --- -- 3&4 387 387 372 340 370 ---

80 -ti- --- --- 37’4 393 394 395 546 384 ---

90 421 4a3 393 394 404 405 410 358 406 448

.End point 445 448 438 429 424 446 4m 403 458 496

Remldej percent -. --- --- --” 1.5 1.0 1.2 1.0 1.0 1.2

km, percent --- --- --- --- 0 2..0 0.3 0 0 0.5

Freezing point, OF <-76 c-76 c-76 c-76 .+80 <-76 ----- <-76 ---- c-76
Arcmatlcs, percent by volume

A.9.T.M. W75-46T 15 15 7 8 ---- E ----- 16.5 ---- 19.6

i3111ca gel ---- --- ---- ---- ---- 1.5 ----- 16 M.o ----

Total euMur, percent by weight 0.01 0.01 0.01 0.016 0.04 0.023 ----- -a.05 0.04 0.03

F.xlstent ,gUOI) mg/100 ~ 5 3.0 --- —-- 0.8 1.0 ----- ----- 2.5 ----
Potential W, m@X3 ml ---- ---- --- ----- 2:0 0 ----- 1.0 4.4 ----
Gravity, 60°/600 F

s+e&c 0.8% 0.835 0.8U0 0.s02 0.832 0.831 0.796 0.786 0.796 O.ml
36.2 38 45.3 44.8 38.5 38.7 46.2 48.5 46.2 43.0

VlscoBlty a,t -40° F, centtitokes ---- 5.65 5.65 5.81 9.65 9.2 ---- ---- 5.9 8.97

FlaBh Pink, OF ---- ---- 1.1.2 112 ---- --- ---- ---- --- ----

I

I

, t , *
Hs’2



NACA TN 3V6 73

TABLE VI. - TYPICAL INSPECTION?DAT!AFOR MIIFF-5624C (JT-3)FUl?lS

Sample

A.S.T.M. distillationD86-52, OF
Percentage evaporated
Initial point

10
20
30
40
50
60
70
80
90

End point
Residue, percent
Iass, percent

Freezing point, OF
Reid vapor pressure, lb/sq in.
Aromatics, percent by volume
A.S.T.M. D875-46T
Silica gel

Bromine nuniber
Total sull?ur,percent by weight
Existent gum, mg/100 ml
Potential gum, mg/100 ml
Heat of conibustion,Btu/lb
Gravityj 60°/600 F
Specific “
OApl

A

117
178
205
226
246
267
292
322
363
415
487
1.0
1.0

<-76
5.8

10
9
0.5
0.1
1.0
5.0
18,680

0.748
57.7

B’

118
144
153
166
184
205
229
306
426
468
500
1.3
().?

<-76
5.6

---
---
1.0
0.025
1.9
1.0
-----

0.737
60.5

c

116
149
164
181
200
224
262
346
403
438
485
1.0
1.5

---

6.3

---
---
---
---
---
---
---

0.739
60.0

D

113
169
198
218
236
254
270
293
324
388
473
1.0 -
1.2

<-76
6.2

---
7.0
3.0
0.06
0.5
15.8
18,765

0.742
59.2

E

172
215
245
271
297
323
349
385
425
488
1.0
1.0

---
5.7

---

7.0
0.5
0.07
0.5
3.4
18,675

0.756
55.7

-. — . . . ..= — .—. — —- ——. — .—— - —_. ___ ..-. -—— . .



TABLE VII. - TYPICAL llW~C1’ION DAl!AFOR MIL-F-5624C (JP-4) _

Semple

l. S.~.M. U.st’illation D66-52, ‘%

Percentage evaporated

Inltlal Point
10
20

m

40

50

60

70

W

90

End point

Resitie, percent

Loss, Percent

Freezing point, %’
Reid vapor pressure, 1~/aq In.

Aromatica, percent 13y volume

A.S.T.M. D875-46T
Sillca gel

Rromine umber

Totel ml-fur, percent bywelght

Mercaptan sulfur, percent

by weight

Wstent ~, ~lW ml

F’ctentlal ~, mg/KKl ml

Heat of cariW6tlon, B’cu/111

Gravity, 60°/600 F

Specific

‘API

A

148

218

255

288

319

349

378

408

441

475

561

1.1

1.0

<-76

2.1

---

25

8.0

0.1

---

U

15

la, 50C

0.793

46.8

B

130

235
---

---

---

340
.“-

---

408

482

1.0

1.0

<-76

2.3

17.5
----

1.7

0.013

-----

1.0

2.3
---

0.777

50.5

c

L37

250
---

--”

---

544
---

---

---

413
---

L.5

0.5

<-76

2.3

14.7
----

1.46

0.014

-----

1.0

1.0
-----

0.77s

50.0

D

--”

240
---

---

---

---

---

---

---

---

460
---

---

<-76

2.6

15
---

1.0

0.08

----

1.0

2.3
----

0.790

47.5

E

L40

?50
.-,.

---

---

376
---

--”

---

456

180

1.2

1.3

<-76

3.2

13.3
----

0.8

0.041

0.0007

3.4

4.6
------

0.790

47.5

F

137

195

219

238

256

276

296

318

349

402

487

1.3

0.7

<-76

2.6

9.7

1.5

0.03

0.033

0.0

12.0

18,7X

0.756

55.7-1

.
H’sis ‘

&
“2
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m 38B
d20

644 4s4
394 466
4m m

--- <-78
--- ----

19.6
:;& 2.0
0,01 <0.C5
---- -----
0 6.0
1.0 6.0
0.143 0,184
18,= le,m?
-.-—. .— --

0.784 ;i~
49.0 .
----- ——
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,Ebio
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328
347
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<-76
-..

14. Q

MM
-— --

1.87
S.03
0.1s3
1a,47s
------

0.810
43.1
.....

..-—

w

39.-
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14C 262
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4a5 56C

<-78
G 7.0
4.3 19.2
0.1 17.0
0.027 0,46
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0.5 9..9
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0.161 0.178
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0.147 0.104
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se
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m
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iii ~
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--- ---
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0,5
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0.1 0.4
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---— -----
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16.9
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I

TABLE Ix. - JE5TDM.TED PROPERTIZ6 OF AVERAGE JET FUEL9 AND FUEL O~a

Boiling points, ~

Weight average

Mean average

Mold average

Volumetric average

Slope of A.8. T.M. dlstillatl.on curve

10-percent slope,

?O-tlo

60

C!haracterization factor

Molecular weight

Critical properties

Temperature, OF

Pressure, lb/6q in.

%i3timted from ref. 1.

JP-1

376

377

376

374

1.3

0.6

KL.6

151

715

360

Jet fuel~

J-P-3

290

252

240

302

4.5

3.6

11.7

112

615

754

LIT-4

313

296

290

320

4.7

2.4

11.8

125

642

530

JT-5

433

432

431

43C

2.5

0.9

XI-.6

169

773

330

Fuel oils

No. 1

439

437

434

438

2.6

1.2

LL.8

174

770

328

No. 2

51J,

506

502

508

4.0

1.6

11.7

198

&47

503

!JO. 4

560

554

547

554

3.8

1.9

U.c

206

923

338

L
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E!

J

“.&e .72 .76 .60 .92 .96 1.03 1.C4
6pec&gravity, $60° F

Figure 2. - Coefficients of thermal =q?aneicm far fue~ of different 60° R Bpectiic ~atities.
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Cv-11 3543

-MJ -09 -a o 40 8.) la) 1E4 am 240 2W 5aJ 3@J m
T-ature, %

(b) M?&F-68W (J’@ fuel.
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&-11 baok 3s3

‘kaperatum, %

(cl) l!ZkF-5624C! (JP-5) fuel.

Figure S. - Contiued. V~atlon of s~ic gravl~ with teqpemture.



(e) IV* 1 fuel oU..

Figure 3. - Contimmd. Variation of specific ~ti~ tith temperatun.
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.94

.9C

.86

.74

.70

.66

(f)Number 2 fuel oil.

Figure 3, - Continued. Variation of specific gravi~ with temperature.
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-40 Q 40 60 120 160 203 240 2&l 320 m 4Q0

Tem@ra+mre , ~
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~
(g) r?umber 4 fual 011.

Figure 3. - Cantinued. Vtiation of 0P3cific gravity with t-=ttire.
$
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Tapal’atum, %

(h) C!a@rieon of fuel-a.

llgllre 3. - Omoludti. Ve.lzlation of spwmflo ~vi* with -Orature.



88 MACA TN 3~6

.

o 20 40 60
Percentage evaporated

(a) MIL-F-5616 (JT-1) fuel.

Figure 4. - Variation of A.S.T.M. distillation
for seve~l fuels.

80 100

temperatures

w

.

—— -.—— . .— — .-



NACA TN 3~6 89

.
,

Percentage evaporated

(b) MIL-F-5624C (JP-3) fuel. (The fuels represented here were
produced in conformi~ with an earlier specification,
MIGF-572M. The more recent specification,MIL-F-5624C,
does not permit as wide variation as indicated by broken
lines.)

Figure 4. - Continued. Variation of A.S.T.M. distillation
temperatures for several fuels.

-- ——- -—.—.-. —.— — —.-———.—— .—— ——. — . ... .. . . . .—..



90 NACA TN 3~6

“

Percentage evaporated

(c) MILF-5624C (JT-4) fuel.

Figure 4. - Continued. Variation of A.S.T.M. distillation
temperatures for several fuels.

.

.

.

.
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30

#EMidImnn envelope
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Figure 18. - Specific heats of petroleumfuelshaving characterization factors
between 11.3 andll.7 (based on ref. 33).

L

.- . ....- ..— — .. . ..— —.. ..—- —— -— —— — —-—.— —-...——— —--—.



I

I

zmture, OF

(.) JP-3 fuel.

E&n-e 19. - Rhhalpy diagmm for avar8gB-qMlity jet fuale.

t



490

4(YJ

32U

80

0

TmJmaturc, %

(b) J-P-4 fuel.

Figure 19. - Continued. Enthalpy diagram for average- quallty jet fuels.

.
CV- 17 baak 3543



I

I

I

.

T9Qmrature, ?F

(c) JT-5 fuel.

Figure 19. - =Uaed. FnthalIw diagrams for average-quality Jet fwl.s.

,
$3s!2



.

a

NACA TN 3f16

170

160

1.50

140

130

120

Ilo

100

90

80

70

60

50
1(

133

x) 140 180 220 260 %0 340 380 420 460
10-Percentdistillationtemperature,W

Figure 20. - Molecuhr weight of vapor frcm slightly vaporized fuel as a function

of lo-percent distillation tempemture. (Line tdcen frcm ref. 37; pointsfrmn
ref. 12 at 2-percentevaporation.)

._. ___ __________ —____ ._ .—. —_ —. --— ——--—-—-



134

o .(24 .08

Figure21. - F1.ammbllitylimits
?ilthverbicalpropagation.

NACA ‘TN3~6

.

.x? .I.6 .20 .24 -:28
Fuel-airratio

of g-hexanein ah aa dete.mwlnedb a 2-inchtube

— . — .—— — ——



NACA TN 3276 135

.

Fuel-sirratio

Figure 22. - FlammabilityIiudtsfor g-hexaneat pressuresbetweenO and 10 atmospheres
with horizontalpropagation(M. 39).

. . . . .. —————- .—— -—— ~—-. —. . . . .—— ——- .——..-. .. -—..



J

I

!Jkmp=atme, %

Figure 2.3. . Altitu@-tempwatme flammability ltiita for fueb of verying vapor preesure (data

from refs. Z and 16).

I

I

!2



.

.

30

25

20

15

10

5

13’7

c
Fuel-air ratio

Figure 24. - Flammabilitylimits of lCK)/130octane aviation
gasoline (ref. 36).

—. ——z —— . . . . . —---– -----



-i40 -103 -80 -20 m 60 : 10Q 140 104 220 2aa
Temperatum, h

(a) ~viatim gmdl.e awl average-quality JI’ fu.la.

Figure 2s . - Ntitude-teqm.alwre flammbillty I.lmitn for varicus fuele,

P
w
m

H%



W-18 back 3343

Tmpmtwe, ‘%

(b) Avamge+.uJ.ity fuel OIIB of varying gradea.

Figure 25. - Cmoluded . Altitude-twpera* r~ili~ limitm far varicm fuels.



NACA TN 3276
140

i?

FIr RelatlOnof acidityto corrosiveeffectof JP-3jet-eU@nefuel.
W~a2&- ref. &.) COrrOSiOtI determinedby 48-how air-we~ test,Federal.
TestMethodW-L-791d.

——— —————— —
-—

-,



NACA TN 3V6

,

141

.

.
Sec

Figure 27. - -lea Of Interdependenceof temperatureand time In hydrocarbon
reactions.

— .—. -—. — .. ..— _ ._ ___ . ... ..- _____



1.42 NACA TN 3276

lo.ment A.S.T. If.distition temperature
TM, OF

Figure28. - VezzLationOf f with TM. m

chartappliesfor data for titial,fueltem-
peratureof 1.1OOF. SlopeS is deterdned at
ID-percent@_nt of A.S.T.M.&LatiJJ_attin
curve.

.

__ ——_-— — -.——

.

.

.



3543

Ratio of true -r ~essure. at JIOO F to abeolute presmru in td

me ~. - Variation of vapm?izd.icm losaas with -sure f& bitla~fuel, taati of HO” F. Values of f

w be eathtd frca figme 28 for t - U@ F. f = l!l
WI + 16 T~o - 0.02 T~o (Ti-660) ‘

)



144 NACA TN 3~6

.

Flgura so. - Variation of vapca.pramure with fuel &pa, tamp3ra~, end vapor loafl(ref. 12).
TM.8 chart la b=ed upcm ~ntal data for eight fuels; eaoh prasaure llne is 005wsn to
the inltlal, 1, 5, and 10 paraent 108B fraotion; the volatility faotor ia the aum of the
A.S.T.14.volume average boiling point and the A.S.T.M. timp%rature of l~s fraotlon.

—— .——. ———. —



I

OV-19 3543 ,
*

1’

!!

0 1 a s 4 5 e 7 8



146

(a) Two JP-4fuels.

(b) ~-l fud and no. 2 fuel. Ofi.

NACA TN 3~6

.
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